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Abstract
Measurements from spaceborne microwave radiometers, such as the
Scanning Multichannel Microwave Radiometer (SMMR), the Special
Sensor Microwave/Imager (SSM/I) and the Advanced Microwave Scan-
ning Radiometer (AMSR), are found to be useful in estimating various
earth surface geophysical quantities, e.g. soil moisture and vegeta-
tion characteristics over land, snow water equivalent for snow covers
and sea ice concentration. All these instruments have measured only
the vertical and horizontal polarization component of the brightness
temperature (Tb). WindSat is the first spaceborne radiometer to pro-
vide fully polarimetric measurements of the earth’s emission. It was
launched by US Navy in February 2003. It determines the polariza-
tion state of the emission in the form of Stokes vector consisting of
four components. The first two components are the typically measured
vertical and horizontal TB. WindSat additionally determines the dif-
ference between ±45◦ linearly polarized (3rd Stokes component) and
left and right hand circular polarized radiation (4th Stokes compo-
nent). The polarimetric radiometry is primarily used to estimate the
sea surface wind speed and direction. So far little was known about
the information content of the Stokes vector over vegetation, bare soil,
snow and sea ice. This thesis explores the polarimetric signal observed
by WindSat over land, the Antarctic ice sheet and Arctic sea ice.
Over land, it is shown that the polarimetric signal depends on the
orientation of surface features such as sand dunes in deserts, and ex-
tended structures in agricultural fields. This dependency is validated
over the test sites of the Taklamakan desert and the Helongjiang
agriculture fields in China using correlative data collected by the
Advanced Spaceborne Thermal Emission and Refection Radiometer
(ASTER). The ASTER images from thermal infrared sensor of 90
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meter resolution are used to identify the vegetation and desert sur-
face structures. Over the Antarctic ice sheet, the findings show that
the polarimetric signatures at higher frequencies (37 GHz) depend
on snow surface features, such as sastrugi orientation and surface to-
pography, whereas at the lower frequency (10.7 GHz) the signal ad-
ditionally depend on snow properties such as grain size and density.
This dependency is validated using the results from previously made
scatterometer studies with European Space agency SCATterometer
(ESCAT) and NASA SCATterometer (NSCAT), demonstrating the
potential of polarimetric radiometers to estimate scattering and emis-
sion properties from the single instrument. Finally, the analysis of
one year of the weekly averaged 3rd and 4th Stokes components of
Arctic sea ice shows the highest anisotropic signal during a week of
early summer (June 21-27). This was interpreted as a result of melting
of the overlying snow due to which the penetration depth decreases
making higher frequencies (37 GHz) sensitive to surface structure.
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1 Introduction
Microwave remote sensing has been found to be a useful tool in ex-
ploring, mapping and monitoring various earth surface geophysical
parameters, e.g. soil moisture, surface temperature, vegetation wa-
ter content, snow water equivalent and sea ice concentration. These
parameters are major elements for weather prediction and global cli-
mate models (Ulaby et al,. 1981). Electromagnetic radiation at these
wavelengths is only moderately affected by cloud cover and light rain
and, therefore sensors operating at these wavelengths offer themselves
for uninterrupted observations as needed in meteorology. Microwave
remote sensing techniques can be divided into two major categories,
active and passive ones. Active systems utilize radars, scatterometers
and altimeters. These consist of a transmitter emitting microwave
pulses and a receiver collecting the pulses reflected from the earth
surface. The radar and scatterometer data are expressed as backscat-
tering coefficients, defined as the ratio of the power received to the
power transmitted (Ulaby et al., 1982). Passive sensors consist of only
a receiver, called radiometer. Such sensors measure the natural, ther-
mal emission emitted from the earth surface in the selected microwave
band. The measured signal is expressed as a brightness temperature,
which is, under the Rayleigh-Jeans approximation, equal o the physi-
cal temperature of a black body emitting the same thermal power as
the observed target.
Demonstrated applications of the two techniques have been differ-
ent. The backscattering coefficient generally provides more informa-
tion about the structural properties, such as the land surface topogra-
phy and sea wave orientation when compared with radiometers, and
secondarily it also depends on the dielectric constant of the target
illuminated by the transmitter (Ulaby et al., 1982). For mapping the
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surface two types of radar are in use, the Synthetic Aperture Radar
(SAR) and the real aperture radar or scatterometer. The SAR has
the higher spatial resolution, and they have been used for retrieving
earth surface geophysical parameters such as soil moisture, snow char-
acteristics and sea ice properties. Due to the high power required to
generate the signal, most SARs are operated with a low duty cycle.
In contrast, the real aperture radars (scatterometers) typically pro-
vide data continuously with higher temporal resolution but at lower
spatial resolution. They have primarily been developed to retrieve the
sea surface wind speed and direction, parameters, which are crucial
for climate and weather prediction models (Gaiser et al., 2002).
Unlike radars, the signal of a radiometer primarily depends on the
earth surface thermal and dielectric properties. Moreover, as the ra-
diometer is a passive instrument not requiring a transmitter the power
to operate such sensors is low. Over the last two decades, due to the
use of larger antenna ,the spatial resolution has been improved, e.g.
for the C-Band (∼7 GHz) from 150 km for the Scanning Multichan-
nel Microwave Radiometer (SMMR) launched in 1978, to 60 km for
the Advanced Microwave Scanning Radiometer (AMSR-E) launched
in 2002. This improvement in resolution has resulted in greater use of
the data in applications such as regional scale weather prediction and
mapping land surface features. Unlike as for remote sensing at visible
or thermal wavelengths the polarization of microwave radiation car-
ries relevant geophysical information. Traditionally, two polarizations
are considered, vertical and horizontal. The horizontally polarized ra-
diation is that in which the electric field vector of the waves oscillates
in the plane parallel to the earth surface. For the vertically polar-
ized radiation the waves oscillate in the plane perpendicular to the
horizontal polarization. However, the complete description of the par-
tially polarized radiation comprises four components, together called
Stokes vector (Ulaby et al., 1982; Tsang et al., 1985). The first two are
the vertical and horizontal polarized emissions, measured in terms of
brightness temperatures, given as Tv and Th, respectively. The other
two components provide measures of correlation between the first two
called as 3rd and 4th Stokes components, and are given as U and V
and together denoted as higher Stokes components. Frequently the
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natural emission is incoherent. In those cases, the U and V Stokes
components are zero.
Specular water surfaces show partially polarized emission, i.e. dif-
ferent values for Tv and Th. Wind roughening reduces this difference
depending on the extent of roughness. This is useful in estimating
the wind direction and speed. The magnitude of the difference is also
sensitive to salinity and temperature, since Tv and Th has primary de-
pendency on dielectric and thermal properties. The U and V Stokes
primarily depends on earth surface geometric structural properties
and therefore are the better indicator of roughness effect. The rough-
ness generated in the form of waves, due to surface winds, is periodic.
The directivity of sea waves in a particular direction gives rise to non-
zero higher Stokes components.
In order to take advantage of the information available in the polar-
ization so called polarimetric radiometers were developed measuring
simultaneously all four Stokes parameters. Ground based experiments
observing periodic surfaces using a fully polarimetric radiometer have
shown that the polarimetric emission is a function of the magnitude,
the orientation and the periodicity (Nghiem et al., 1991) of the sur-
face structure. In order to verify this over large areas, airborne polari-
metric radiometers were used over wind generated sea surfaces and
a methodology for sea surface wind vector retrievals was developed.
However, little attention was given to the polarimetric response from
other targets such as land, ice sheets and sea ice.
WindSat is the first spaceborne fully polarimetric radiometer. It
was launched with the primary objective of sea surface wind vector re-
trievals from space. WindSat is an experimental mission by the United
States Navy in collaboration with the National Polar orbiting Opera-
tional Satellite Systems (NPOESS) office. It was launched in February
2003 and in addition serves as risk reduction mission for the forthcom-
ing instrument Conical Scanning Microwave Imager/Sounder (CMIS)
of NPOESS (Gaiser et al., 2004). WindSat acquires data covering the
full globe, while polar orbiting. This has created an opportunity to in-
vestigate what new information is present in the U and V components
over land, glaciers and sea ice.
From the sea surface investigations, it has been shown that the U
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and V primarily depend on the orientation of the sea waves. The initial
investigations of polarimetric signatures over sea surfaces have utilized
the geometric optics methods (Gasiewski and Kunkee, 1994). In this
method, only large-scale gravity waves were considered as tilted facets,
and modeled using the slope distributions in the upwind and crosswind
direction. However, further studies showed that the small-scale waves
are more sensitive to surface winds (Irisov et al., 1992). Therefore two
scale models were developed to separately quantify the effects from
the larger and smaller scale roughness with respect to the measured
wavelengths (Yueh et al., 1994). Observations with a fully polarimetric
airborne radiometer (WINDRAD) showed the importance of the look
angle (azimuth angle) in polarimetric remote sensing (Yueh, 1997).
Chapter 2 discusses the theoretical basis of polarimetric remote
sensing of the sea surface. The sea surface has been studied extensively
and is used in the present study for making necessary conclusions for
the other targets based on sea surface algorithms. Because of the im-
portance of the azimuth angle in the polarimetric technique, it was
necessary to investigate the bias associated with the WindSat look
angle. The data quality check and the instrument scan angle selection
were done based upon an external calibration target as discussed in
Chapter 3.
For land surfaces, Tv and Th are utilized in retrieving information
such as large-scale soil moisture. A limitation of these retrievals is
that often more parameters need to be determined than there are
independent observations (an under determined system). Additional
parameters of interest include multiple scales of roughness and more
or less heterogeneous vegetation. Accurate information of these pa-
rameters are expected to improve accuracy of the present soil mois-
ture algorithms. In Chapter 4 , WindSat data over large homogenous
land surfaces with known surface topography and geophysical char-
acteristics are investigated to explore the sensitivity of higher Stokes
component on vegetation and soil surface roughness.
The polarimetric analysis of the Antarctic ice sheet is carried out
in Chapter 5. The Antarctic ice sheet plays an important role in the
global climate, e.g. as a region of low absorption of solar radiation. An
initial analysis was carried out over several test sites, such as Dome C,
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Wilkes Land, Terre Adelia and Queen Mary Land, which were studied
previously with scatterometers (Long and Drinkwater, 2000). U and
V signals of higher magnitude than over sea and land surfaces were
observed. The result is then compared with the surface topography
and scatterometer derived orientation of snow surface structures. In
the next step the analyses is extrapolated over the entire Antarctic
continent.
Chapter 6 is devoted to the quantitative analysis of the U and V
signals of Arctic sea ice. Seven-day averages of U and V maps of the
entire year 2003 were prepared. The Azimuthal dependency of U and
V are taken into account by averaging the data over 90◦ intervals of
azimuth angle. An anisotropic U signal has been observed at 37 GHz
during early summer melting. The exact cause of this signal is not yet
known. There are various geophysical processes takes place over the
surface of the sea ice during early melting period. This is a topic of
an ongoing research activity. Finally in Chapter 7 the results over the
diverse targets land surface; bare soils and vegetated areas, Antarctic
ice sheet and the Arctic sea ice is revised. and the thesis ends with an
outlook.

2 Theoretical Background
The electromagnetic radiation consist of two components, the electric
field E and the magnetic fieldB. They are orthogonal (perpendicular)
to each other, and mutually orthogonal to the direction of propagation,
which is specified by a vector quantity S know as Poynting vector
given as
S = E ×B (2.1)
The electric field is considered for representation of wave character-
istics. In microwave remote sensing one has to always deal with the
polarization components of the backscattered or emitted electric field
from the Earth’s surface and atmosphere. The polarization of an elec-
tromagnetic wave is referred to the direction of oscillation of the elec-
tric field of a wave with respect to the propagation direction. The
electric field in the far field regime propagating in the direction, say
r, is primarily decomposed in to vertical and horizontal components.
The microwave sensor systems operating at vertical and horizontal
polarizations are called dual polarized systems. The different types
of Earth’s surface and their characteristics have been extensively in-
vestigated using horizontally and vertically polarized measurements.
However, for the mediums with directional features, such as sea waves
which are periodic in the direction of the surface winds, the additional
polarimetric components may be used to characterize the target. The
technique that utilize additional polarization components than verti-
cal and horizontal is known as fully polarimetric microwave remote
sensing.
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Figure 2.1: The vertical (v) and horizontal (h) Polarized waves.
2.1 Physical concept of polarization
For a horizontally polarized wave, the electric field component is par-
allel to the earth surface and perpendicular to the direction of prop-
agation. The vertically polarized field is perpendicular to the plane
formed by the propagation direction and the direction of the oscilla-
tion of the horizontally polarized electric field. Figure 2.1 depicts the
propagation of a vertically and horizontally polarized sinusoidal wave.
These waves can be represented in terms of the electric field vector as
E = E0,hcos(kr − ωt)h (2.2)
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where E0,h is the electric field component in h plane, k is the wave
number and ω is the angular velocity and t is the time . The h can
be replaced by v in the above equation to represent an wave oscillat-
ing in v plane with amplitude E0,v. The amplitude E0 is the strength
of the electric field in the plane under consideration (i.e. h or v). In
fully polarimetric microwave radiometers, the information about the
polarization state of emission more than that provided by h and v is
necessary for characterization of the target. These include the mea-
surements in the +45◦ and −45◦ plane and the left and right circular
polarizations. The 45◦ polarized wave is plane polarized, similar to
that of h or v but oscillating at the angle of −45◦ or +45◦ to the
plane of horizontal and vertical as shown in Figure 2.1. The circularly
polarized wave can be generated using the combination of two plane
polarized orthogonal waves with equal amplitude and pi/2 phase shift
between them. This mechanism is illustrated in Figure 2.2. The re-
sultant of these two waves is a circularly polarized wave as illustrated
in part B of Figure 2.2. In a circularly polarized wave, the vector ro-
tates about the direction of propagation at the frequency of the light
wave, i.e. one revolution per period of the wave. The circularly polar-
ized wave shown above is left handed circularly polarized, since the
resultant electric field rotates anticlockwise with respect to direction
of propagation as shown in part C of the figure. Similarly, the right
handed circularly polarized wave can be generated by introducing a
phase shift of −pi/2 on vertical polarized wave in above figure.
In the simplified mathematical format this can be represented as
Ecirc = E0[cos(kr − ωt)h± sin(kr − ωt)v] (2.3)
Above equations can also be written by applying the phase shift to a
horizontally polarized wave instead of vertical. Secondly, the equation
will also hold for any other plane polarized channels which are orthog-
onal to each other. For example, the shift between the −45◦ and +45◦
channels is used in the WindSat instrument for circular polarization
measurements.
In active and passive microwave polarimetry the area under consid-
eration is studied based on the polarized microwave radiations emitted
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Figure 2.2: Formation of the circularly polarized wave from vertical and
horizontal waves by introducing phase shift of pi/2
and scattered from it. More work has been done in active polarimetric
microwave remote sensing in land surface applications (Ulaby et al.,
1986; Fung, 1994; Oh et al., 1992; Dubois et al., 1995) as compared
to the passive polarimetric microwave remote sensing. The polarimet-
ric emissions were extensively studied in radio astronomy (Hamaker
et al., 1996). In remote sensing of the earth surface, till the launch
of WindSat in 2003, the passive polarimetry was solely related to sea
surface applications, such as wind speed and direction retrievals (Yueh
et al., 1994). Very little was known about the land and snow surfaces,
due to the lack of passive polarimetric observations. The present work
investigates the passive polarimetry for the land and snow/ice surface.
In order to develop background knowledge, the sea surface theoretical
understanding is extended over land and snow surface. The sea surface
theories in the use of sea surface application include the formulation
used in the active microwave remote sensing.
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2.2 Backscatter concept for active sensors
In an active system, the antenna transmits and receives back the scat-
tered microwave pulses in vertical and/or horizontal polarization. The
data is collected in the form of backscatter coefficient, which is a ra-
tio of power received to the power transmitted (Ulaby et al., 1982;
Tsang et al., 1985). If both the transmitted and received signals are
horizontally/vertically polarized (h or v), the signal is said to be of
hh or vv polarized. If the transmitted signal is horizontally polarized
and the received signal is vertically polarized then the signal is said
to be hv polarized and vice-versa. The co-polarization signals (hh and
vv) and cross-polarization signals (hv and vh) along with the phase
information between them constitute a fully polarimetric active obser-
vation. Active polarimetry is mainly useful in studies and applications
associated with Earth’s surface structure, such as mapping the topog-
raphy. The radar cross section per unit area σ0 also called scattering
coefficient is defined as
σ0 =
〈σ〉
A0
=
4piR2r
A0
〈|Es|2〉
|Ei|2 . (2.4)
Here, A0 is the area illuminated by radar, Rr is size of the receiveing
antenna and Es and Ei are the electric field intensities of recieved and
emitted signals. The scattering coefficient is a dimensionless quantity.
It also depends on the polarization states of the emitted and received
signals (Ulaby, 1982, Fung, 1994). Suppose p denotes the polariza-
tion of the emitted signal and q denotes polarization of the received
one, then in terms of polarization the scattering cross section can be
represented as
σqp = 4piR2
|Esqp|2
|Eiqp|2
(2.5)
and the scattering coefficient per unit area given in Equation (2.4)
can be written as
σ0qp =
〈σqp〉
A0
=
4piR2r
A0
〈
|Esqp|2
〉
|Eiqp|2
(2.6)
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The Equations (2.5)and (2.6) represent the polarizations in terms
of power equations. This formulation of different combinations of the
scattering coefficient is used in the theory of passive polarimetric appli-
cation, such as wind speed retrievals. The relationship between active
and passive polarimetry is discussed in the next section.
2.3 Stokes vector in passive polarimetry
The potential of the horizontal and vertical brightness temperatures in
the earth surface geophysical parameter retrievals, such as soil mois-
ture (Jackson and Shmuggi, 1993) and snow water equivalent (Kunzi
et al., 1976), are well known. The fully passive polarimetric microwave
radiometers make use of the Stokes vector for the representation of
the polarization state of naturally emitted radiations from the earth’s
surface. The Stokes vector consists of four components that define the
polarization state of a electromagnetic wave. The Stokes components
for completely polarized radiation are discussed in Tsang et al.(1985).
In passive remote sensing, the natural radiations received by radiome-
ters are the sum of statistically independent waves having the same
averaged frequency and different polarizations and phase difference
uniformly distributed over 0-2pi. For periodic surfaces the radiations
becomes partially polarized and its polarimetric state can be explained
based on the Stokes vector (Tsang et al., 1985). For partially polarized
radiations it is defined by the time averaging procedure given as
I =

Tv
Th
U
V
 = 1η

〈EvE∗v 〉
〈EhE∗h〉
2Re 〈EvE∗h〉
2Im 〈EvE∗h〉
 (2.7)
where, η impedance of the medium and 〈 〉 denotes the time average.
In Equation (2.7) U and V are referred as the 3rd and 4th Stokes
components. Tv and Th correspond to ensemble time average of the
electric field and their complex conjugates in vertical and horizontal
polarization planes, respectively. U and V correspond to the real and
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imaginary parts of combination of ensemble average over vertical and
complex conjugate of horizontal electric field vector, respectively. The
Stokes vector presented in equation (2.7) is calculated from the h and
v polarized channels. Also in active polarimetry only h and v channels
are utilized in estimating polarization states as discussed in Section
2.2.The airborne radiometers, such as WINDRAD of NASA has made
use of v and h polarized channels for calculating the Stokes vector
(Yueh et al., 1999). However, in passive polarimetry it is possible to
make the use of additional measurements, discussed in Section 2.1,
for the calculation of Stokes vector. There, the polarization state of
radiations is measured using +45◦ and -45◦ plane polarized, and left
and right handed circularly polarized channels. These measurements
form the Stokes vector that can be given as
I =

Tv
Th
U
V
 =

Tv
Th
T45 − T+45
Tlc − Trc
 (2.8)
WindSat makes use of this technique to calculate the Stokes vector
given by equation (2.8). The 3rd and 4th Stokes parameters give a
measure of correlation between vertically and horizontally polarized
waves that are emitted from the periodic or rougher earths surface.
Till date the research in passive polarimetry is mainly focused on
periodic features of the earth’s surface e.g. ocean wave and is used
for calculating wind speed and direction over sea surface (Yueh, 1997;
Yueh, et al., 1999; Piepmeier, et al., 2001, Gaiser, et al., 2004).
2.4 Relationship between bistatic
scattering coefficient and Stokes vector
Tv and Th are functions of temperature and dielectric constant and
secondarily depend upon the roughness and geometric properties of
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the medium. The brightness temperature at vertical or horizontal po-
larizations can be written as,
TBp = epTs (2.9)
where p corresponds to v or h, Ts is the earth surface temperature
and e is the emissivity which can be written as
ep = 1− rp (2.10)
The formulation of the reflectivity,r typically utilized over land sur-
face, can be written using the Fresnel’s expression for specular surfaces
rv =
∣∣∣∣εrcosθ −√εr − sin2θεrcosθ +√εr − sin2θ
∣∣∣∣2 (2.11)
and
rh =
∣∣∣∣cosθ −√εr − sin2θcosθ +√εr − sin2θ
∣∣∣∣2 (2.12)
where θ is the incidence angle and ε is the complex dielectric con-
stant. This makes thermal and dielectric properties of the target to
play a critical role in the brightness temperature measured at these
two polarizations (the first two Stokes components). On the other
hand, U and V primarily depend on the structural properties of the
target and secondarily depend on the dielectric properties. Similar is
the case for the backscatter coefficient measured in active microwave
remote sensing. This is the main reason for the application of the ac-
tive polarimetric theory in the passive polarimetry. However, while
relating the passive and active concepts some approximations needs
to be considered.
Tsang et al.(1985) derived the reciprocity relation for the inhomoge-
neous and anisotropic surface of active backscattering coefficient. This
understanding is then utilized in Kirchhoff’s Law for relating reflec-
tivity to active backscattering coefficient. Consider Figure 2.3 showing
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Figure 2.3: Geometry of transmitting and receiving signal from points ra
and rb for explanation of reciprocity theorem
two points one at ra and other at rb each at different incidence and
azimuth angles. Then from the reciprocity relation we have,
cosθaγpq(θb, ϕb; θa, ϕa) = cosθbγpq(θa, ϕa; θb, ϕb) (2.13)
where p and q corresponds to the polarization of the incidence and
reflected radiation. γpq, is the bistatic scattering coefficient and in
terms of the earlier defined scattering cross section, Equation (2.6),
can be written as,
σpq = cosθi · γpq (2.14)
where θi was the incident angle of radar emitted radiation. Therefore,
the wave incident from a point at ra and reflected signal measured
at rb is related to the wave incidence from rb and measured at ra.
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The Equation (2.13) takes in to account the variation of the incidence
angle in the look range of radar. Kirchhoff’s law describes the relation
between the emissivity and absorptivity of the body, i.e. the relation
between the energy absorbed to the energy emitted. The emission of
the body also depends upon the temperature. In thermal equilibrium
the energy absorbed should be equal to energy emitted. Unlike radars,
there is no energy emitted out from the radiometer and it measures
only the natural emission of the Earth’s surface emitted into its direc-
tion. If the medium is considered to be in thermal equilibrium then
using the reciprocity theorem, the emissivity can be defined using the
bistatic scattering coefficient of the active theory as given in the fol-
lowing Equation (2.14).
|Rq(θi)|2 = 14pi
∑∫
dΩsγpq(θs, ϕs; θi, ϕi) (2.15)
The detail derivation and explanation can be found in Tsang et
al.(1985). The reflectivity Equation (2.15) is used to define the polari-
metric brightness temperature dependency on the structural proper-
ties of the target.
2.5 Symmetry properties of polarimetric
brightness temperature and periodic
surfaces
To explain the symmetry properties of the electric field Yueh et al.(1994)
defined a reflection operator. In that study it was shown that the
Maxwell’s equations remain invariant for the intensity of the radia-
tions (electric fields) obtained, if the reflection operator operated on
the plane of symmetry. This is depicted in Figure 2.4.
However the reflection operatore R changes the sign of the y vector
component of the image field. Based on this property of the opera-
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Figure 2.4: The relation between the original field and the image field,
(adopted from Yeuh et al, 1994)
tor R, Tsang et al.(1985) established the symmetry properties of the
components of the Stokes vector:
Tv(θ, ϕ) = Tv(θ,−ϕ)
Th(θ, ϕ) = Th(θ,−ϕ)
U(θ, ϕ) = −U(θ,−ϕ) (2.16)
V (θ, ϕ) = −V (θ,−ϕ)
From Equation(2.16) it is apparent that Tv and Th of the reflection
symmetric media are even functions of ϕ, while the 3rd and 4th Stokes
components are odd functions. Equation (2.16) forms a very important
result and form the basis for U and V application over sea surface.
Winds gives rise to sea surface waves that are symmetric with re-
spect to the wind direction. In the sea surface theory, instead of az-
imuth angle so called the relative azimuth angle ϕ is used. It is the
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difference between radiometer look angle ϕr and wind direction ϕw
ϕ = ϕw − ϕr. (2.17)
ϕw is measured with respect to geographic north. The relative az-
imuth angle is sometimes referred to as relative wind direction (Yueh,
1997). Therefore, for a reflection symmetric surface of sea waves, the
Stokes parameters can be expressed as even and odd functions of the
relative azimuth angle. This symmetric nature of the wind generated
sea surface further allows the Stokes vectors to be expressed as second
harmonic sine or cosine series of ϕ as presented in following equations
(Yueh, 1997)
Tv = Tv0 + Tv1cos(ϕ) + Tv2cos2(ϕ) (2.18)
Th = Th0 + Th1cos(ϕ) + Th2cos2(ϕ) (2.19)
U = U1sin(ϕ) + U2sin2(ϕ) (2.20)
V = V1sin(ϕ) + V2sin2(ϕ). (2.21)
Here, the first harmonic accounts for the upwind and downwind asym-
metry, and the second harmonic account for the upwind and cross
wind asymmetry (Yueh, 1997). The coefficients in these equations are
functions of instrument parameters, wind speed and other sea surface
parameters such as salinity and surface temperature. Higher harmonic
components must be zero because they would violate the symmetry
properties.
2.6 Overview of some methodologies used
in sea wind vector retirevals
Different methods have been investigated to retrieve the wind vector
from polarimetric observations. These methods deal with extracting
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wind information present in the first and second harmonic coefficients
if the ocean salinity and surface temperature are known. Some of the
analytical and numerical methods includes extended boundary condi-
tion method (EBCM), Methods of Momentum (MoM), Small Slope
Approximation method (SSA) and Two Scale Method. In the applica-
tions over the sea surface, only the two scale method is shown to have
a higher reliability (Yueh et al, 2006). An example is the approach
followed by Yueh(1997) and Yueh(2006) for airborne observations of
WINDRAD and for the spaceborne observations of WindSat, respec-
tively. In this method the sea surface roughness is defined on two
scales; the large scale roughness (waves larger then the measured mi-
crowave signal) and the small scale roughness (waves smaller then
the measured microwave signal, known as capillary waves). The large
scale roughness is modelled using geometric optics, where the large
scale waves are treated as tilted facets and their slope distribution in
along wind and cross wind direction is considered for the generation of
the polarized microwave emission. Isrove(1991) showed that the small
scale waves are more sensitive towards the wind speed and direction.
The effect from these small scale waves are usually modelled consid-
ering backscattering coefficient theory. In the approach provided by
Yueh(1997), the Stokes vector given in Equation (2.7) is given as a
sum of two matrices corresponding to coherent and incoherent radia-
tions. Usually, the higher order scattering, usually 2nd order, produce
the coherent signal.
The present work is solely related to the passive polarimetric re-
sponses observed over land and snow/ice. For such targets, unlike sea
surface, the volume scattering also plays a critical role for the gener-
ation of the U and V components. Understanding developed in this
section will be helpful in the development of methodology for the ap-
plication of U and V over the land and snow/ice surface.

3 Instrumentation and Data
WindSat is the first spaceborne fully polarimetric microwave radiome-
ter acquiring data over ocean, land and snow/ice surfaces while polar
orbiting. It was launched on January 6, 2003 and is sponsored by
the U.S. Department of Defense (DoD) Space Test Program (STP),
the U.S. Navy and the National Polar-Orbiting Operational Envi-
ronmental Satellite System (NPOESS) integrated program office. It
was developed to test the possibility of the sea surface wind speed
and direction estimation from space. The mission also provides so
called risk reduction data for an instrument called the Conically-
scanned Microwave Imager Sounder (CMIS) that will be part of the
National Polar-Orbiting Operational Environmental Satellite System
(NPOESS).
WindSat was launched on the Coriolis spacecraft, fully redundant
three-axis stabilized spacecraft (nadir pointing). The overall dimen-
sions are: 4.69 m height (without solar array), 1.34 m diameter. Figure
3.1 shows the photograph of the WindSat and the schematic diagram
of spacecraft and feed horns of different frequencies and polarization.
Key features of the Coriolis spacecraft design include:
• Extremely low levels of electromagnetic interference for compatibil-
ity with the ultra-sensitive WindSat radiometer (e.g., radiated emis-
sions are <6.5 dB µV/m at 6.8 GHz).
• System architecture to support the 31 rpm yaw spin of WindSat’s
rotating assembly, while providing power plus precise attitude knowl-
edge and control.
The nominal orbit parameters for CORIOLIS are defined as;
• 840 km circular,
• 98.7 degree inclination,
• Sun synchronous,
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• Revisit time of 8 days,
• Local time of ascending node (LTAN) of 6 PM,
• Westward-shifting longitude of the ascending node by 138 km daily.
Figure 3.1: WindSat instrument and its schematic diagram (adopted from
NRL doc. 2005).
WindSat operates at five frequencies 6.8, 10.7, 18.7, 23.8 and 37
GHz. The 6.8 and 23.8 are dual polarized channels, i.e. they are oper-
ated only at vertical and horizontal polarization. The 10.7, 18.7 and
37 are the fully polarimetric channels, i.e the brightness temperature
is measured at +45◦, -45◦, left circular and right circular polarization
in addition to vertical and horizontal. The different color feedhorns in
Figure 3.1 correspond to different frequencies. For 10.7, 18.7 and 37
GHz there are three fedhorns which make separate measurements for
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h and v, +45◦ and -45◦ plane polarized, and left circular and right
circular polarized measurements. The data is provided in the form of
the Stokes vector, discussed in Chapter 2, given as
I =

Tv
Th
U
V
 =

Tv
Th
T45 − T+45
Tlc − Trc
 . (3.1)
Table 3.1 WindSat instrument specifications
Freq. Pol. Inc. F.print Fore/Aft
(GHz) Ang.(◦) (km) Swath (km)
6.8 v, h 53.5 40 x 60 1025/350
10.7 v, h, U, V 49.9 25 x 38 1025/350
18.7 v, h, U, V 55.3 16 x 27 1025/350
23.8 v, h 53.0 12 x 20 1025/350
37 v, h, U, V 53.0 8 x 13 1025/350
Table 3.1 provides the specification of each channel in terms of inci-
dence angle, polarization and resolution. The incidence angle slightly
differs for each frequencies. For the data acquisition, only a limited
range of scan angle in fore and aft swath are considered. This is since
for some scan angles the radiometer is under warm and cold space
calibrations. Moreover, data acquisition at some of the scan angles
are also restricted due to the bias associated with the measurements,
discussed in Section 3.2. Figure 3.2 shows the position of the cold and
the hot calibration loads with respect to the instrument scan angle.
3.1 Data description
WindSat produces approximately 200 Mbytes of data per orbit, or 2.8
GB/day. The Ground Data Processing Software (GDPS) consists of
four main processors:
1) Raw Data Record Processor (RDRP);
32 3 Instrumentation and Data
Figure 3.2: The WindSat data acquisition geometry, location of cold and
hot calibration loads (adopted from Jones, et al 2006).
a) receives the WindSat data stream, including receiver, calibration,
housekeeping and spacecraft attitude data.
b) decodes, unpacks, reformats and merges these data.
2) Temperature Data Record Processor (TDRP);
a) calibrates the raw counts into radiances using the calibration target
measurements and the sensor constants file.
b) geolocates each channel, using the scan angle, spacecraft attitude
and ephemeris and antenna pointing offset.
c) calculates various antenna pointing parameters (earth incidence an-
gle, polarization rotation angle, surface compass azimuth angle) using
the spacecraft attitude and ephemeris along with pre-launch antenna
alignment data.
3) Sensor Data Record Processor (SDRP);
a) collocate data pixels within frequency bands. At this point, one has
all six polarizations for a polarimetric channel spatially collocated.
b) forms the third and fourth elements (U and V ) of the Stokes vec-
tors by taking the difference of the appropriate polarization pairs.
c) apply the antenna pattern correction (APC) using cross-polarization
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correction (using h and v polarized measurements and feed spillover
efficiencies, and correct for the PRA.
d) for each frequency, re-sample all channels to a common location
defined by 37 GHz V/H channels.
e) Average antenna beams to yield collocated pixels at a common res-
olution.
4) Environmental Data Record Processor (EDRP) or the L2 Proces-
sor;
a) receives calibrated, geolocated, co-registered WindSat Stokes pa-
rameters at 10.7, 18.7 and 37 GHz, and the vertical and horizontally
polarized brightness temperatures at 6.8 and 23.8 GHz.
b) Retrieves geophysical parameters which currently includes ocean
surface wind speed and direction, columnar water vapor, columnar
cloud liquid water, sea surface temperature, and rain rate over the
ocean.
3.2 Quality check and filtering
For the current investigation, the sensor data record (SDR) version
1.9 available from June 2003 to January 2005 was used. In microwave
remote sensing of the Earth’s surface, incidence angle plays a critical
role in the magnitude of Tb (Ulaby et al., 1982). Studies have shown a
dependency of polarimetric measurements on azimuth angle in addi-
tion to incidence angle (Yueh et al., 1993; Yueh, 1997). For WindSat,
the incidence angle is fixed for each channel (Table 3.1) but azimuth
look angle will vary.
Azimuth look geometry involves two components, the scan angle
and the azimuth angle. The scan angle (ϕscan) is the radiometer look
angle with respect to the flight direction, where 0◦ lies on the ground
track with positive values to the left and negative to the right. The
azimuth angle is the radiometer look angle (ϕrad) with respect to
geographic north and varies from 0◦ to 360◦. A simplified WindSat
data acquisition geometry for a descending pass is shown in Figure
3.3. Even though the instrument is conically scanning, only a lim-
34 3 Instrumentation and Data
Figure 3.3: WindSat data acquisition geometry.
ited range of data in the forward swath and the aft swath is actu-
ally acquired. The restricted range of angles is due to issues related
to instrument calibration and problems in some scan angle ranges
(Narvekar et al., 2007; Gaiser et al., 1994). There are two types of
analysis carried out in this paper, azimuthal for testing spatial and
time series for testing seasonal, geophysical response. The Tv and Th
primarily depends on incidence angle, whereas U and V have an addi-
tional strong dependency on azimuthal look angle. In order to satisfy
the WindSat primary mission goal of estimating the wind vector, pre-
cise measurements of all Stokes parameters are required. The order
of magnitude of the U and V parameters is a few Kelvin and, there-
fore, a small instrument bias can result in significant contamination
of these measurements. This may result in a shift in the level of the
retrieved parameters. Effects are expected to be more significant near
the swath edges. The dense forest cover in Brazil is an azimuthally
isotropic area and has been used as a hot calibration target in studies
of data quality of spaceborne radiometers, such as AMSR-E (Njoku
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et al., 2004). In order to reduce bias contamination of the geophysical
signatures in the U and V parameters, the entire data is analyzed over
Brazil rain forest location (Narvekar et al., 2007). Figure 3.4 shows
the scatter plot of the 10.7 and 37 GHz U with instrument scan angle
for September 2003. The different colored points indicate the mode of
data acquisition. The instrument bias associated with higher positive
is apparent.
Figure 3.4: The 10.7 and 37 GHz U parameter plotted with instrument scan
angle, different color points indicates different mode of data acquisition.
These effects are expected to be more significant near the swath
edges. In order to reduce bias contamination of the geophysical sig-
natures of the U and V parameters, we have restricted our entire
analysis to scan angles between -25◦ +25◦ in the forward swath. Bias
associated with this scan angle range is expected to be smaller than
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Figure 3.5: The 18.7 GHz U and V parameters plotted with instrument scan
angle, different color points indicates different mode of data acquisition.
the rest of the scan angle range. Similar was observed for all other
months. In a previous WindSat land surface study (Narvekar et al.,
2007), the scan angle was restricted to -25◦ to +25◦ that is least af-
fected. However, this range of instrument scan angle results in a small
coverage of the azimuth angle,ϕrad, which highly reduces the reliabil-
ity of any understanding drawn from azimuthal analysis. Therefore,
we also consider a small scan angle range (15◦) from 140◦ to 155◦ of
the aft swath, which shows good agreement with the +25◦ to -25◦
scan angle of the forward swath.
The selected scan angle range is also applicable at 37 GHz fre-
quency. Published results for WindSat have shown that the 18.7 GHz
measurements are the most effected by the calibration bias (Twarog
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et al., 2006). Figure 3.5 shows the plots of 18.7 GHz U and V for the
same period as of Figure 3.4. The U component shows a shift of 0.5 K
for the fore descending, which is slightly lower for the maximum of aft
ascending. On the other hand, the V component shows the average
shift of around -0.5 K in all the channels. The problem in the 18 GHz
channel was also observed for the other spaceborne radiometers, such
as Multichannel Scanning Microwave Radiometer (MSMR), operating
at similar frequencies, as of WindSat (Rao et al., 2006). Some of the
published results of AMSR-E hence also shown higher variability at
18 GHz channel. The 18 GHz band lies close to the water vapor band.
Presently, the reason for this effect observed in WindSat 18.7 GHz is
not investigated. Hence, for the current study we have excluded the
18.7 GHz observations.
For carrying out temporal analysis the data is usually averaged
over the study area on given date. To avoid any significant azimuthal
modulation in the daily average, the selected scan angle range of +10◦
to -10◦ in forward swath is used, unless specified. The following section
presents the description of the study areas.

4 Polarimetric Observations over
Land
WindSat provides an opportunity to explore the passive microwave
polarimetric signatures of land surfaces. Large homogeneous regions
with unique features were identified. These included forest, rangeland,
desert and agricultural conditions. WindSat observations at horizontal
and vertical polarizations over land surfaces were found to be well cal-
ibrated and consistent with other passive microwave sensors. Isotropic
regions (e.g. Amazon Rainforest) had no polarimetric response at all
azimuth angles. Results showed that land surfaces with aligned fea-
tures (topography or row structured vegetation) produced systematic
variations in the 3rd and 4th Stokes parameters. These responses were
found to be in good agreement with pervious studies of the sea sur-
face as well as a spaceborne scatterometer study. Analysis of tempo-
ral trends of the variation in polarimetric measurements for a specific
azimuth angle could be attributed to crop growth cycle in the agri-
cultural region. Further analyses will seek to isolate specific features
that could be used in applications such as soil moisture retrieval.
4.1 Background
Passive microwave remote sensing has been shown to be a valuable
source of information for land applications such as large scale soil
moisture retrieval. A limitation of these retrievals is that there are
often more parameters that need to be determined than there are
independent observations. These parameters include multiple scales
of roughness and potentially several vegetation characteristics. One
way to deal with this issue is with ancillary data sources. However,
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this can be challenging and a retrieval based upon a single sensor may
be more easier.
Traditional spaceborne microwave radiometers have provided multi-
frequency dual polarization data. New information and opportuni-
ties for improved retrievals might be possible with fully polarimetric
instruments. The WindSat instrument provides the first spaceborne
fully polarimetric microwave measurements of the Earth’s emission.
The primary objective of the WindSat is to provide information for
sea surface wind vector (speed and direction) retrievals. The data is
also acquired over land surfaces and thus offers new opportunities to
investigate the possibility of introducing fully polarimetric measure-
ments in land surface applications. As a first step in the analyses, data
over several large and homogeneous regions were extracted over an ex-
tended period. The response of WindSat at different frequencies for
vertical and horizontal polarizations was observed over wellknown cal-
ibration targets. An attempt was also made to investigate the possible
land surface structural information present in the U and V parame-
ters. It is possible that the information present in these parameters
may be helpful in improving the retrieval of land surface geophysical
parameters.
4.2 Polarimetric variables and expected
responses
Passive microwave polarimetry has been extensively studied for sea
surface applications, but very little has been investigated over land.
The launch of WindSat has provided an opportunity to study the
polarimetric measurements of the Earth’s emission from space. In this
section a basis for WindSat polarimetry of land surfaces is developed
from theoretical models (Tsang, 1991), previously conducted airborne
passive polarimetric studies over ocean surfaces (Yueh et al., 1994;
Yueh, 1997), and ground based studies over land surfaces (Sobjaerg
and Skou, 2003; Pham et al., 2005; Nghiem et al., 1991).
For sea surfaces the response of the U and V parameters is primar-
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ily dependent on sea surface roughness, which is a function of wind
vector (Yueh, 1997). A two-scale sea surface roughness approach has
been found to yield better results in the wind vector retrievals. The
’two-scale’ refers to two levels of roughness, one from large waves on
the order of meters and the other from small capillary waves on the
order of centimeters, which lay on top of large scale waves (Yueh,
1997). These studies also showed the dependency of U and V on the
azimuth look angle of a radiometer. In that study, all Stokes parame-
ters were represented as second harmonic sine functions of the relative
azimuth angle, ϕrelative, as presented in Equations (2.34 to 2.37). In
these relations, the first harmonic primarily accounts for up-wind and
down-wind asymmetry and the second harmonic accounts for up-wind
and cross-wind asymmetry (Yueh, 1997). The up-wind, down-wind
and cross-wind in terms of only the gravity waves can be expressed in
terms of slopes of these waves in the leeward, windward and in the di-
rection perpendicular to leeward or windward, respectively. Usually,
the polarimetric signal produced by gravity waves gets modified by
small scale capillary waves superimposed on these waves. The har-
monic dependency of U and V on the orientation of the sea waves
results in negative or positive values of these parameters.
In translating the results described above to the land surface, the
orientation of topographic slopes of different scales ranging from kilo-
meters to centimeters is expected to produce responses in the U and V
parameters. In the present study we have symbolized the orientation
of the land surface structure by ϕorient, which is equivalent to ϕwind
in terms of sea surface.
For land surfaces, Tsang et al.(1985) derived theoretical expressions
for all Stokes parameters. In that study, the non-zero 3rd and 4th
Stokes parameters were considered a result of land surface roughness
and were also expressed as a function of azimuth angle. Ngheim et
al.(1991) conducted a ground based experiment and showed the az-
imuthal dependency of brightness temperature on soil surface struc-
ture. In that study, a periodic soil surface was created and measure-
ments were made for the horizontal (h), verticle (v) and 45◦ polar-
ization planes at different azimuth angles. The 45◦ Tb along with the
difference between h and v was used to calculate the U parameter.
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In the presence of vegetation, the Stokes parameters are expected
to depend primarily on biomass structure. The few available ground
based experimental studies that have been conducted have shown the
dependency of polarimetric measurements on agricultural field rows
and crop structure (Sobjaerg and Skou, 2003; Pham et al., 2005). In
these studies, measurements over an agricultural field were acquired
during different stages of crop growth. In the absence of vegetation, a
plowed soil surface produces a polarimetric signal, which decreases as
rainfall smooths the surface. When there was vegetation, the biomass
structure produced a polarimetric signal that is likely to be a function
of crop height and field row orientation. These studies also showed
that the V signal is 180◦ out of phase with U , which also agrees with
the sea surface studies. The scale of V variation was found to be 1/4th
of U , which was also observed for sea surfaces (Yueh, 1997; Sobjaerg
and Skou, 2003). The physical definition (Gaiser et at., 2004) of the V
component indicates its dependency on the phase difference between
the vertical and horizontal Tb measurements. In case of a sea surface,
the wavelengths of the capillary waves are on the scale of centimeters
and may have an impact on V measurements at WindSat frequencies.
However, for the land surfaces it is much more complex to define such
a centimeter level structure that is expected to result in non-zero V ,
especially over a footprint size of WindSat.
In general, land surfaces can be considered as highly variable with
different levels of roughness coming from different surface features of
the Earth, such as terrain on the scale of kilometers, smaller topo-
graphic variation on the scale of meters, roughness at a centimeter
scales. In the presence of a vegetation cover, the primary effect of
vegetation structure is expected in the polarimetric signature. The
vegetation structure may be considered as a plant or tree structure
along with the height or orientation of agricultural field rows.
4.3 Study Areas
Further understanding of the passive microwave polarimetric features
of land surfaces would benefit from observations of well known sites.
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At present, one source of data is the WindSat sensor. Developing an
observation based analysis using coarse spatial resolution satellite data
is challenging for the following reasons;
• All of the surface and vegetation effects described above can occur
individually or at the same time.
• They can also vary with time (plant growth cycle or soil moisture
from precipitation)
• The azimuth angle changes with each pass.
• The exact footprint center will rarely ever be the same (pass to
pass).
• Spatial variations will typically occur at scales much smaller than
a WindSat footprint, which means there could be a mixture of condi-
tions.
Our approach to limiting the impact of these issues was to use study
sites that;
• Had uniform conditions over a spatial domain larger than a satellite
footprint.
• Represents diverse conditions.
• Use areas large enough so that frequent temporal observation were
possible for a fixed range of azimuth angles.
As a result four sites across the glob are selected (Figure 4.1) as
described below;
1.Amazon rainforest in Brazil (Lat: -7.5◦ to -6.5◦ Lon: -66.0◦ to -
65.0◦): This area represents a dense vegetation condition that remains
invariant throughout the year due to abundant rain fall (around 2500
mm, annually). It has been used previously (Njoku et al., 2004) as a
vicarious calibration hot target because of the consistent long term
behavior of Tv and Th. Secondly, the presence of dense vegetation
makes the emission generated in all polarization planes similar, mak-
ing this area highly isotropic in nature. The isotropic area determines
the reliability of U and V measurements, since for these areas U and
V are expected to be 0 K.
2.Rangelands in Mongolia (Lat: 45.8◦ to 46.8◦, Lon: 106.1◦ to 107.5◦):
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Figure 4.1: The study area locations.
This area represents lightly vegetated grassland conditions. Occasional
rain events are expected in summer months, and snow may occur in
winter (November to January). The study area is well instrumented
for in situ soil moisture measurements and has been used for val-
idating satellite soil moisture retrievals (Jackson et al., 2004). Low
topographic variability under sparse vegetation provides a homoge-
nous isotropic target for testing U and V responses under varying soil
moisture conditions.
3.Taklamakan Desert in China (Lat: 37.5◦ to 38.5◦, Lon: 82.5◦ to
83.5◦): is a cold desert with a highly structured sand surface in the
North West part of China. The presence of large sand dunes makes
this area a highly anisotropic target. These large structures, easily
seen in Figure 4.12, are oriented north-east with their slopes facing
north-west and south-east. Due to this systematic orientation over an
area larger than the footprint of a radiometer, this area facilitates the
study of WindSat U and V over the land. This site had been identified
as an anisotropic target in (Bartalis et al., 2005).
4.Heilongjiang Agricultural area in China (Lat: 47.0◦ to 48.0◦, Lon:
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125.0◦ to 126.0◦): represents agricultural fields with almost all the field
rows oriented north-south (Figure 4.16). The main crops grown are
corn and soybean. The vegetation is present during summer months.
In winter the region is mainly bare soils with possibility of snow. Fea-
tures of this site had been studies in (Bartalis et al., 2005; Bartalis et
al., in press).
4.4 Data analysis
In order to understand the temporal behavior of the Stokes parame-
ters, time series plots for each study area were developed. In an anal-
ysis of land it is normally assumed that the azimuth angle has no
significant effect on Tb. As a result, all footprints falling in the study
area are usually averaged. For U and V we expect that there will be
an azimuth angle effect on Tb. Therefore we limited our analysis to a
specific range of scan angles (±10◦) for each site. This was a tradeoff
between having adequate data over an area for temporal analysis and
the effect of allowing the scan angle to vary even this much. It should
be noted that there might be some residual variability associated with
day-to-day variations in the mean scan angle over the area.
Another critical point of the azimuth angle is related to ascending
and descending passes. The selected scan angle range for ascending
and descending orbits corresponds to completely different azimuth
angles with respect to north. In terms of the selected study areas, the
scan angle between -10◦ to +10◦ corresponds to the azimuth angles
range around 190◦ for descending passes and around 350◦ for ascend-
ing passes. To verify the land surface structural signature dependency
on azimuth angle we have combined the time series of U and V ob-
servations of ascending and descending orbits in the next section.
4.4.1 Analysis over the Amazon rainforest
The brightness temperature is a function of the emissivity and surface
temperature of the target under investigation (Ulaby, 1986). In the
presence of vegetation the emission from the soil surface is attenuated.
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In addition, vegetation adds its own radiation, which is unpolarized
in nature (Jackson et al., 2005).
Figure 4.2: Arial photograph of the selected area in Amazon Rainforest in
Brazil, The zoomed part shows the 1x0.8 Km area
For dense vegetation conditions such as the Amazon at WindSat
frequencies, any emission from the ground surface would be masked
by the canopy due to typically high levels of vegetation. Figure 4.2
shows the arial photograph of 10 km of the region selected and zoomed
out 1 km area. Figure 4.3 shows the time series of averaged Tv and
Th over 50 x 50 km plotted for selected frequencies over an extended
period.
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Figure 4.3: WindSat brightness temperature time series for 6.8, 10.7, 18.7
and 37 GHz for (a) Tv and (b) Th descending observations, plotted for the
period February 2003 to November 2005 for Amazon study area in Brazil.
Figure 4.4: Brightness temperatures at vertical and horizontal polarizations
plotted as a function of frequency for the study area of Amazon in Brazil.
188 data points averaged for October 2003. The standard deviation at each
frequency was lower than 1.5 K.
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Figure 4.5: The 3rd Stokes parameters time series at (a) 10.7 GHz and (b)
37 GHz for the period of February 2003 to November 2005, for the Ama-
zon Brazil. The ascending (averages around 190◦) and descending (averages
around 350◦) observations at each frequency are plotted together to facili-
tate comparison.
There are a few low outlier points that are likely to be associated
with very large rainfall and flooding. The range of observed brightness
temperatures was found to agree with previous investigations (Calvet,
1994). Figure 4.4 shows the spectral plot of brightness temperatures
for the study area. The nearly unpolarized nature of this particular
dense vegetation results in values of Tv and Th that are very simi-
lar at all frequencies, as expected (Jackson et al., 2005). The Tb at
37 GHz shows a small drop, which is likely due to the sensitivity of
this channel to atmospheric extinction and surface scattering (Njoku
et al., 2004). The surface scattering is caused due to the structure
on top of the vegetation cover, which is sensitive to 37 GHz due to
its low penetration inside the canopy. The long term invariant nature
of the Amazon is apparent in Figure 4.3. The brightness tempera-
ture fluctuates within the same range over an extended period. This
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Figure 4.6: The 4th Stokes parameters time series at (a) 10.7 GHz and (b)
37 GHz for the period of February 2003 to November 2005, for the Ama-
zon Brazil. The ascending (averages around 190◦) and descending (averages
around 350◦) observations at each frequency are plotted together to facili-
tate comparison.
characteristic of the region makes the Amazon useful as a suitable
calibration (thermal stability) target for the instrument.
The times series of 10.7 and 37 GHz U and V for the Amazon study
area are plotted in Figures 4.5 and 4.6, respectively. The U and V
parameters for an isotropic area are expected to be zero. The WindSat
10.7 GHz U and V measurements support this assumption that the
area is isotropic. A small shift (≈0.1 K) from zero was observed that
is likely the result of an instrument bias.
Secondly, the absolute error when measuring U and V is set to
0.25 K (Gaiser et al., 2004) and hence, any fluctuation below this
range can be considered to be due to instrument noise. The Tb scale
in Figures 4.5 and 4.6 was chosen to facilitate comparison with other
selected anisotropic areas (e.g. Taklamakan in China), where the sig-
nal strength will reach up to 3 K. The long-term invariant U and
V parameter at both frequencies reflects the invariant nature of the
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Amazon; this also supports the reliability of the WindSat U and V
channels. Similar trends were found for the 37 GHz channel.
4.4.2 Mongolia rangeland
The selected area located in Mongolia is instrumented for in situ
soil moisture measurements. Jackson et al.(2004) have investigated
this area for soil moisture retrieval using Advanced Microwave Scan-
ning Radiometer (AMSR-E) observations. We expect the region to be
isotropic but since it is lightly vegetated we can examine the response
of U and V to temperature and soil moisture variations. Figure 4.7
shows the aerial photograph of the area and a photo taken at one of
the in situ measuring station.
Figure 4.7: Study area location in Mongolia
Figure 4.8 shows the time series of Tv and Th for selected WindSat
frequencies. An annual temperature trend is apparent in this figure,
with brightness temperature varying over the range of ≈ 60 K for both
polarizations. Several low spikes in the observations of Th, mostly for
6.8 and 10.7 GHz, are the result of increases in soil moisture due to
rain events. It is generally accepted that Tv at 37 GHz is mainly a
function of surface temperature (De Jeu R.A.M., 2003). The spectral
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Figure 4.8: WindSat measured brightness temperature time series for 6.8,
10.7, 18.7 and 37 GHz for (a) Tv and (b) Th descending observations, plotted
for the period February 2003 to November 2005 for Rangelands of Mongolia.
difference between 37 GHz Tv and a lower frequency is important in
snow related studies (Fung, 1994).
In Figure 4.8 the Tv at 37 GHz shows a significant drop in brightness
temperature, as compared to the other frequencies, during the winter
months (November to February) of 2003. The gound based stations at
mongolia and their data available at Hydrology and Remote Sensing
Lab., United States Dept. of Agriculture (USDA) indicates snow cover
over this area during winter 2003. The higher signal of U may be the
result of the presence of snow during that period. However, this drop
was not apparent during the 2004 winter.
Figure 4.9 shows the spectral plot of Tv and Th over the Mongolia
rangeland study area. A time period must be selected in order to have
an adequate sample size (≈200). However, averaging highly variable
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Figure 4.9: Brightness temperatures at vertical and horizontal polarizations
plotted as a function of frequency for the study area of Mongolia. 282 data
points were averaged for October 2003. The standard deviation for each
frequency was smaller than 2 K.
Figure 4.10: The 3rd Stokes parameters time series at 10.7 GHz for the
period of February 2003 to November 2005, for the Rangelands of Mon-
golia. The ascending (averages around 190◦) and descending (averages
around 350◦) observations at each frequency are plotted together to fa-
cilitate comparison.
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Figure 4.11: The 4th Stokes parameters time series at 10.7 GHz for the
period of February 2003 to November 2005, for the Rangelands of Mon-
golia. The ascending (averages around 190◦) and descending (averages
around 350◦) observations at each frequency are plotted together to fa-
cilitate comparison.
conditions is not useful. Therefore, we chose the month of October
2003 when no spikes are present in an attempt to minimize tempera-
ture variations over time. From theory (Ulaby et al., 1982), the dielec-
tric constant should decrease with increasing frequency, which should
result in an increasing emissivity and increasing brightness tempera-
ture.
The Tv is mainly a function of temperature and Th to be mainly
a function of the dielectric constant (De Jeu R.A.M., 2003). As a
result, Th is expected to have larger variations between the brightness
temperatures at different frequencies as compared to Tv. In addition,
parameters such as penetration depth, atmospheric conditions and
surface scattering also affect this relationship. The trends in Figure
4.9 are typical of bare or lightly vegetated soils (Jackson et at., 2005).
The larger changes from 10 GHz to 6 GHz Th are likely to be associated
with surface roughness and vegetation effects as well as a difference
in the effective temperature contributing to the measurement.
As noted previously, the Mongolia area facilitates the examination
of U and V responses for soils with low amounts of vegetation, small
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topographic variations, and some significant soil moisture variability.
Figure 4.10 and 4.11 shows the 10.7 GHz U and V plots over the
investigation period. Ascending and descending U observations show
good agreement except for the winter months of 2003. The 37 GHz
measurements also show similar trends (not shown here), but exhib-
ited additional variability during the 2004 winter. Based upon the Tv
and Th analysis, it was concluded that during the winter period of
2003 there might be snow cover that results in the U response and a
difference between ascending and descending observations. If the win-
ter months are excluded from the analysis, then the U and V results
indicate that the region is isotropic and that soil moisture variations
(obvious in the Tv and Th data) do not affect U and V measurements.
4.4.3 Taklamakan Desert
The Taklamakan desert in western China was chosen for the study of
WindSat polarimetric (U and V ) signals over structured bare soils.
Bartalis et al.(2005) used scatterometer observations over the Takala-
makan desert to demonstrate the importance of the scan angle over
structured regions.
The area consists of large sand dunes oriented north-east with their
slopes facing the south-east and north-west, see Figure 4.12. Sand
dune orientation in a specific direction over the entire region (larger
than a WindSat footprint) provides an opportunity to investigate the
impact of land surface structure on the polarimetric signals. Initially,
the Tv and Th response is analyzed (Figure 4.13). The annually tem-
perature trend is apparent in the Figure 4.13. The response of Tv
and Th is similar to that of Mongolia area discussed earlier and is as
expected for bare soils. The 10.7 and 37 GHz U and V time series
are shown in Figure 4.14 and 4.15. The U observations for ascend-
ing orbits (positive Tb) are inversely related to the descending orbits
(negative Tb) for both frequencies (Figure 4.14). Unlike for Amazon
rainforest, the response for the U channels are clear anisotropic.
The scan angle range corresponds to radiometer azimuth angles
with respect to north (ϕrad) for descending (≈ 190◦) and ascending
4.4 Data analysis 55
Figure 4.12: Advanced spaceborne thermal emission and reflection (a) Arial
photograph and (b) radiometer (ASTER) images over Taklamakan, desert
area in China, acquired on 25th August 2005.
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Figure 4.13: Time series of Tv and Th for the period June 2003 to November
2005.
passes (≈ 350◦). The large topographic structure of the Taklamakan
desert surface is analogous to large ocean waves, with the slopes of
the sand dunes oriented south-east (≈ 120◦ w.r.t. north) and north-
west (≈ 300◦ w.r.t. north). The south-east slopes are oriented along
the upwind direction (in the direction of prevailing winds), giving a
land surface orientation angle of ≈ 120◦. The relative azimuth angle,
ϕrelative, is the difference between the orientation of the land surface
features and radiometer azimuth angle. The was estimated to be ≈
290◦ ±8◦ for descending orbits and ≈ 130◦ ±8◦ for ascending orbits.
From theory and aircraft observations (Yueh, 1997; Fung, 1994), for
a relative azimuth angle of 290◦ the U response is expected to be
positive and for 130◦ the response is expected to be negative. However,
these observations have the opposite signs for both the ascending and
descending angles. This is due to the definition of the U and V for
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Figure 4.14: The 3rd Stokes parameters time series at (a) 10.7 GHz and
(b) 37 GHz for the period of February 2003 to November 2005, for the
Taklamakan desert study area in China. The ascending (averages around
190◦) and descending (averages around 350◦) observations at each frequency
are plotted together to facilitate comparison.
WindSat, which have opposite sign as seen from the aircraft data
(Yeuh et al., 1994) (Figure 4.15). These results clearly demonstrate
the presence of a structural signature in the WindSat U parameter
over a structured bare soil surface. Although we observed a response
for the U parameter, no significant variation was observed in the V
response in either temporal or azimuthal analyses (Figure 4.15). The
ascending and descending observations were found to be close to zero.
4.4.4 Heilongjiang Agriculture
The Heilongjiang agriculture area in north China was chosen to study
the WindSat polarimetric response for structured vegetation. This
area consists of numerous small agricultural fields with almost all the
field rows oriented very close to North-South direction. Figure 4.16
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Figure 4.15: The 4th Stokes parameters time series at (a) 10.7 GHz and
(b) 37 GHz for the period of June 2003 to January 2005, for the Takla-
makan desert study area in China. The ascending (averages around 190◦)
and descending (averages around the 350◦) observations at each frequency
are plotted together to facilitate the comparison.
clearly shows the regional pattern. From this image the field structure
orientation angle is estimated as = 80◦.
A previous ground-based study conducted at L-band (Sobjaerg and
Skou, 2003) showed a dependency of the U and V parameters on
vegetation rows and height. This particular site had been identified in
(Bartalis et al 2005; Bartalis et al, in press) as a target with a possible
polarimetric response using backscatter coefficient data that showed a
clear second harmonic dominance in the azimuth dependance. Figure
4.17 shows the Tv and Th times series. The spikes in the Tb value
causing lower brightness temperature is due to an increase in the soil
moisture due to rain events. The 6.8 GHz is more sensitive to the
dielectric constant and hence the soil moisture and, therefore, the
response is higher at this frequency (Jackson et al., 2005). The 10.7
and 37 GHz U time series are plotted in Figure 4.18. The ascending
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Figure 4.16: The ASTER image of Helonjiang agricultural area of China
acquired on 25th August 2005.
observations lie close to 0 K whereas the descending data have negative
values during the summer months, with the maxima occurring during
July of both years. During winter, this area is predominantly bare
soil and observations during these months exhibit no response for
U and V . The summer period response was larger for 10.7 GHz as
compared to 37 GHz. The lower frequency of 10.7 GHz increases the
potential canopy penetration and as a result, different components of
the vegetation may contribute to the signal at different frequencies.
Because for ascending orbits is ≈ 350◦ and ≈ 190◦ for descend-
ing, for the Heilongjiang area the relative azimuth angle is ≈ 90◦ for
ascending and ≈ 250◦ for descending passes. Based upon results pre-
sented in (Yueh, 1997; Yueh et al., 2006), a relative azimuth angle of
90Âř should result U = 0 K, and 250◦ should result in a positive value.
Again, note that the definition of the U and V of WindSat is off by a
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Figure 4.17: The Tv and Th times series plotted for the frequencies 6.8, 10.7,
23.8 and 37 GHz.
minus sign from the aircraft data (Yueh et al., 1994a). The ascending
and descending U observations agree with the theory, with ascend-
ing observations showing Tb fluctuating around a small negative value
that we interpreted as sensor bias. The descending data had negative
values. Further examination of this data was conducted by separating
the available azimuth angle range of +25◦ to -25◦ for ascending passes
into 10◦ increments. Figure 4.19 shows the time series for three scan
angle intervals; -25◦ to -15◦, -5◦ to +5◦ and +15◦ to +25◦ (ascending
orbits).
These three scan angle intervals correspond to radiometer azimuth
angles of ≈ 10◦, ≈ 350◦ and ≈ 330◦, respectively. From the satellite
image shown in Figure 4.16, the orientation of the field rows is ap-
proximately ≈ 350◦, which is almost the same as the direction of the
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Figure 4.18: The 3rd Stokes parameters time series at (a) 10.7 GHz and
(b) 37 GHz for the period of February 2003 to November 2005, for the
Heilongjiang agricultural study area eastern China. The ascending (averages
around 190◦) and descending (averages around 350◦) observations at each
frequency are plotted together to facilitate comparison.
ascending pass. From theory, for an azimuth angle of 350◦, the -45◦
and +45◦ polarized Tb should be similar.
Any deviation from this scan angle range is expected to produce
different brightness signals in the 45◦ channels, resulting in a non-zero
U value. Figure 4.19, shows this effect very clearly. The U observations
for the 350◦ azimuth angle range fall between the observations of the
10◦ and the 330◦ azimuth angle ranges. The relative azimuth angles
for 10◦ and 330◦ are estimated to be ≈ 20◦ and ≈ 340◦, respectively.
As per the theory, U at a relative azimuth angle of 20◦ should be
positive and at 340◦ it should be negative. The curves of Figure 4.19
agree with the theory and, therefore, demonstrate that structured
vegetated conditions can produce a U signature.
The time series of the 10.7 and 37 GHz V channels for the Hei-
longjiang agriculture region are shown in Figure 4.20. Recall that no
V response was observed for the structured bare soil of the Takla-
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Figure 4.19: WindSat 10.7 GHz 3rd Stokes parameter three time series
plotted for the scan angle intervals between -25◦ to -15◦, -5◦ to +5◦ and
+15◦ to +25◦ of ascending orbits, for the Heilongjiang agriculture region
in China.
Figure 4.20: The V component time series at (a) 10.7 GHz and (b) 37 GHz
for the period of February 2003 to November 2005, for the Heilongjiang
agricultural study area in eastern China. The ascending (averages around
190◦) and descending (averages around 350◦) observations at each frequency
are plotted together to facilitate comparison.
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makan desert. However, for this agricultural region a systematic V
response was observed in the 10.7 GHz observations between August
and October. The V signal appears to lag the U observations. This
is likely to be related to either senescence of the vegetation or har-
vesting. The ascending observations were negative and the descending
were positive. From Yueh 1997, the V responses should be 180◦ out
of phase compared to U parameter. The WindSat V measurements
show good agreement with the theory for the U parameter (Figure
4.18). The 37 GHz V data did not have the same response as 10.7
GHz. Both the ascending and descending observations are close to
zero (Figure 4.20). This result suggests a possible canopy penetration
effect, 37 GHz is not expected to sense as deep into a canopy as 10
GHz. These preliminary results also clearly warrant a more rigorous
analysis of the V parameter for vegetation.
4.5 Conclusions
Polarimetric passive microwave measurements may provide new infor-
mation that can be used to estimate or describe land surface features.
Data from the WindSat instrument were used in this study to deter-
mine if this was possible. Issues of satellite footprint size placed de-
mands on experimental design. As a result, four large and homogenous
regions were identified that represented unique land surface features.
The analysis of the Amazon rainforest data showed consistency for
Tv and Th over a densely vegetated area. The U and V observations
demonstrated the invariant isotropic nature of the region and the re-
liability of the sensor data. The Mongolia rangeland site was selected
to represent isotropic conditions with less vegetation and time vary-
ing temperature and soil moisture. The U and V responses over this
area were very close to zero for most of the year. From this we con-
cluded that there was no soil moisture effect present in the U or V
measurements. The Taklamakan desert area in China is topographi-
cally anisotropic and this gives rise to significant responses of the U
parameter to the observed dune structure. The time series of the U pa-
rameter also agreed with sea surface polarimetric theory. The U and V
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parameters for the Heilongjiang agriculture region showed structural
dependency in the presence of agricultural crops. The trend of the U
parameter was found to agree with ground based studies made with
a L-band polarimetric radiometer.
The results of this study clearly show that when aligned land surface
features are present, then there will be a response in the U channel.
This is the first time this has been observed at satellite footprint scales.
Further studies under controlled conditions of vegetation features are
needed to refine our understanding. How to use this new information
in application such as soil moisture retrieval is the next challenge.
5 Polarimetric Emission Over
Antarctic Ice Sheet
In addition to its primary mission, WindSat also provides us with
an opportunity to investigate the geophysical information content of
fully polarimetric observations of land targets. A region of great im-
portance is the Antarctic ice sheet, the coldest region on Earth, which
plays an important role in the global climate acting as a thermal heat
sink for the atmosphere and also as an indicator for global warming.
Due to its great expanse and remote location, remote sensing is a
valuable tool in monitoring. Seasonal and long term variations of the
geophysical properties of the ice sheet have been studied using space-
borne active and passive microwave sensors (Long and Drinkwater,
2000; Njoku et al., 2004). Active observations primarily depend on
the geometric features, such as topography and roughness, whereas
the passive observations primarily depend on the dielectric and ther-
mal properties of the surface and the subsurface of the Antarctic ice
sheet. Moreover, surface and volume scattering influence the radia-
tion emitted by the snow and ice. Passive observations have shown
to have potential in estimating surface and subsurface temperature
of snow and ice firn (Tsang et al., 1985). Additionally, the applicabil-
ity of active and passive observations in estimating other geophysical
quantities such as snow density and grain size, is also demonstrated
(Long and Drinkwater, 2000; Drinkwater and Bingham, 2000). Some
studies have combined active and the passive observations in order to
better understand the scattering, emission and thermal properties and
their annual variability over some locations in Antarctica (Long and
Drinkwater, 2000; Drinkwater and Bingham, 2000). However, combin-
ing data from different sensors may be challenging due to the different
resolution, incidence and azimuth angles, shift in the footprints and
65
66 5 Polarimetric Emission Over Antarctic Ice Sheet
the time of overpass. The present study examines what contribution
the fully polarimetric passive observations of WindSat can make to
better estimating the scattering, thermal and emission properties of
Antarctic ice sheet using a single sensor. As seen from the perious
Chapter 4, a non-zero U component can be caused by surface topog-
raphy and differently scaled roughness (Tsang, 1991; Yueh et al., 1994;
Narvekar et al., 2007).
Initial WindSat analyses have shown U and V signals of much
higher magnitude over snow and ice (Narvekar et al., 2006; Liu and
Weng, 2005) compared to those observed over open water, bare soil
and vegetated surfaces. The sea surface wind vector estimates from
polarimetric radiometers are in good agreement with those obtained
from scatterometer observations (Yueh et al., 2006).
In this Chapter, scatterometer studies carried out over the Antarc-
tic ice sheet (Long and Drinkwater, 2000) are used to develop a basic
understanding of the U and V signal. Rotschky et al.(2006) related the
magnitude of the scatterometer backscatter coefficient to the orienta-
tion of snow surface features, such as topographic slope and sastrugi
(periodic snow structures caused by the katabatic winds). The mag-
nitude of the backscattering coefficient also varies with the snow mor-
phological properties, such as density, grain size, and wetness (Bing-
ham and Drinkwater, 2000; Rotschky et al., 2006).
Section 5.1 describes the study areas. Section 5.2 analyzes Tv and
Th in the light of studies previously carried out at similar frequen-
cies. These results are used as a reference for the U and V studies.
Section 5.3 analyses the azimuthal anisotropy of U and V for snow
and ice. A second harmonic function is used for fitting the azimuthal
distribution of the U and V in Section 5.4. The results are compared
with scatterometer derived snow feature orientation maps. Section 5.5
discusses the seasonal variability of the U and V . The understanding
developed over selected study locations are extended over the entire
Antarctic ice sheet in Section 5.6. Section 5.7 gives the conclusions of
the study.
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Figure 5.1: Maps of Antarctica (a) showing locations of the selected study
areas, i.e. Dome C, Queen Mary Land (QML), Study Area 3 (SA3), Lake
Vostok (LV), near Pionerskaya Russian Station (PRS), Wilkes Land (WL)
and Terre Adelie (TeAd) and (b) direction of local topographic slope w.r.t.
north (adopted from (Long and Drinkwater, 2000)).
5.1 Study areas
In Antarctica the temperature remains below freezing most of the
year. The climatic conditions mainly differ between the coastal (lower
altitudes) regions with a short melting season and the interior (high
altitudes) continent, where melting never occurs. The snow deposi-
tion rate is higher in the coastal area where it may reach above 1000
kg/m2/a, while in the interior it may be as low as 1 kg/m2/a (Massom
et al., 2004). In the coastal areas, summer melting of the deposited
snow occurs. The regions with higher altitudes receive little annual
snow fall, on the order of few centimeters per year, and temperatures
are below freezing most of the time. One of the high altitude research
stations (∼3000 m) is Dome C (74.5 S/ 123 E). The annual solid pre-
cipitation at this site is on the order of 30-40 mm snow water equiva-
lent. A typical sublimation of 10-20% leads to net annual accumulation
of around 25-35 mm snow water equivalent. The temperature always
remains below -30◦ C and therefore, no melting occurs. Because of
the highly stable conditions of this test site it is used as external cold
calibration target for spaceborne radiometers (Njoku et al., 2004). In
the present study, the range of vertically and horizontally polarized
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brightness temperatures, Tv and Th, and their annual variability were
examined and compared with those of SMMR and AMSR-E at similar
frequencies. Usually, snow morphological characteristics, such as grain
size, density and correlation length also vary with location based on
temperature and snow deposition, which in turn are influenced topog-
raphy, slope and katabatic winds (Furukawa et al., 1996).
Figure 5.1(b) shows the direction of the local topographic slope with
respect to north. In most parts of Antarctica the surface is influenced
by persistent winds, called katabatic winds, which maintain speed and
direction over weeks. Katabatic winds produce the periodic wave-like
features of snow called satrugi. All these factors contribute to the az-
imuthal anisotropy of the surface features of the Antarctic ice sheet
(Furukawa et al., 1996; Furukawa and Young, 1997). In this study, we
use seven area across Antarctica (Figure 5.1(a)) in order to develop
an initial understanding of the U and V azimuthal response in Sec-
tions 5.2 to 5.5. The areas include flat topography, i.e. Dome C and
5.2 Tv and Th analysis 69
Lake Vostok, anisotropic surface topography, and sastrugi, i.e. Study
Areas 3, Wilkes Land, Terre Adelie, areas near the Russian station
Pionerskaya and Queen Maud Land. Lake Vostok is 250 km long by
50 km wide and located at 77 S and 105 E near the Russian station
Vostok. The selected study area of 50 x 50 km lies on the nearly 4000
meter thick ice sheet over a liquid lake and provides flat surface ice
topography over the scale of the WindSat footprint. Table 5.1 shows
the coordinates of the locations and their altitudes.
5.2 Tv and Th analysis
The Tv and Th observations of different radiometers, such as AMSR-
E and SMMR at similar frequencies as those of WindSat, have been
investigated over different locations in Antarctica (Njoku et al., 2004;
Surdyk and Fily, 1995). The observations at different frequencies are
utilized to estimate quantities such as the temperature and emissivity
of different layers of the snow firn (Ulaby et al., 1986).
This section verifies the scale and frequency response of WindSat
measured Tv and Th brightness temperatures over the Antarctic ice
sheet by comparing their behavior with previous studies. Figures 5.2
and 5.3 show the time series of Tv and Th for Dome C andWilkes Land.
Surface temperatures measured by automated weather station (AWS)
are also plotted in Figure 5.2 to show the correlation. At the high
altitudes of Dome C there is little precipitation and low wind speeds,
which keeps the surface flat throughout the year, while at Wilkes
Land the snow deposition is higher due to precipitation. However, in
summer all the deposited snow is blown to lower altitude areas, which
results in a snow free ice sheet at the selected location in Wilkes
Land (Goodwin, 1990). This allows the comparison of Tv and Th over
climatically different areas of Antarctica.
The seasonal temperature cycle is apparent in both figures and is
most pronounced at 37 GHz. The brightness temperature varies over
the range of ∼30 K at 37 GHz from Austral winter (peaks at June
to July) to Austral summer (peaks at December to January). The
seasonal thermal variability is smallest at 6.8 GHz. This is due to
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Figure 5.2: Time series of Tv and Th at 6.8, 10.7, 23.8 and 37 GHz plotted
from Feb 2003 to Nov. 2005, for the study area of Dome C. The auto-
mated weather station (AWS) measured temperature is plotted together to
demonstrate the thermal dependency of these channels.
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Figure 5.3: Time series of Tv and Th at 6.8, 10.7, 23.8 and 37 GHz plotted
from Feb 2003 to Nov. 2005, for the study area of Wilkes Land.
the difference between the penetration depths at the two frequencies
and to the fact that the physical properties of the ice sheet below
10 meters are nearly constant in time. In a recent paper (Macelloni
et al., 2007) model analysis demonstrated that the penetration depth
in the Dome C area ranges from 20 m at 6.8 GHz to 2 m at 37
GHz. Therefore, the temperature cycle of AWS measurements agrees
qualitatively with the 37 GHz measurements, as shown in Figure 5.2.
However, the magnitude of the seasonal variation is about 55 K. The
lower seasonal variation is caused by the less pronounced seasonal
cycle at the penetration depth (about 2 m) and by the emissivity
of the snow which is less than unity. The penetration depth is also
affected by the snow morphological properties, such as grain size and
density. Unlike Dome C, Wilkes Land exhibits higher fluctuations in
the daily averaged Tb values (Figure 5.3). This is because the different
footprints are at different locations and average altitudes within the
test region (Njoku et al., 2004).
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Figure 5.4: Average brightness temperature as a function of frequency of
the WindSat measured Tv and Th for Dome C (top) and for Wilkes Land
(bottom).
The average brightness temperatures as a function of frequency for
the two areas for winter and summer months are shown in Figure 5.4.
For Dome C, Tv decreases and Th remains almost constant during
winter, while during summer Tv remains constant and Th increases
with frequency. For Wilkes Land, Tv and Th decrease slightly with
frequency during winter and increase slightly during summer. The
difference between the Tv and Th spectral behaviors is due to the
difference between the snow density and grain size at the two locations
(Surdyk and Fily, 1995). These types of spectral responses can be
explained by the emissivities of different snow types (Surdyk and Fily,
1995). For the snow grain size of 0.5 mm the Tv and Th decreases with
frequency, while for size of 2 mm they increase. At Dome C the grain
size is on the order of 2 mm whereas at Wilkes Land it is on the order
of 0.5 mm. The details of spectral response can be found in (Surdyk
and Fily, 1995). The WindSat measured Tv and Th signals, their scale
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and annual variability are in good agreement with previous studies,
conducted using SMMR (Surdyk, 2002) and AMSR-E (Njoku et al.,
2004; Macelloni et al., 2007) data.
5.3 Azimuthal anisotropy in U and V
The anisotropic surfaces give rise to non-zero U and V signals. For
sea surfaces the wind generated waves cause this anisotropy, while
for land the topography at different roughness scales and vegetation
structures are responsible (Narvekar et al., 2007). In this section the
anisotropic signal observed in U and V over the Antarctic ice sheet is
investigated.
5.3.1 U component
To study the extent to which the higher Stokes components depend
on the snow surface structure, the flat areas of Dome C and Lake
Vostok and the structured areas of Wilkes Land (WL) and Study
Area 3 (SA3) were selected for the initial azimuthal analysis. Figures
5.5a and 5.5b show the azimuthal distribution of 10.7 and 37 GHz U
observations for the entire month of February 2004 for all four areas.
Different colors indicate the mode of the measurements.
Over most parts of Antarctica, the climatic and surface geophysi-
cal properties typically remain similar over several weeks (Long and
Drinkwater, 2000), unless there is a snow fall event. This mainly oc-
curs at low altitudes near the coast in winter (Turner et al., 1999).
If we assume this to be true then we are able to combine multiple
passes over several days. The solid line indicates the fit of a second
harmonic sine function to the variations of data points with the ra-
diometer azimuth angle. These harmonic curves will be discussed in
depth in Section 5.4. A clear anisotropic signal is apparent from the
plots in the Figures 5.5a and 5.5b. The maximum anisotropic signal
for Dome C and Lake Vostok (LVT) is less than 2 K, whereas for
WL and SA3 the maximum is around 4 K. At 37 GHz the signal for
Dome C and LVT is much lower (>1K). This can be explained by
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Figure 5.5: The azimuthal distribution of the (a) 10.7 GHz and (b) 37 GHy
U observations of February 2004, top left for Dome C, top right for Lake
Vostok, bottom left Wilkes Land and bottom right for Study Area 3. The
curves fitted is the second harmonic sine function of azimuth angle.
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the sastrugies present at WL and SA3. These contribute to a higher
magnitude signal than that observed over the flat surfaces of Dome
C and LVT. The magnitude of the U component observed is higher
than that observed over sea or land surfaces where it rarely exceeds 2
K (Yueh et al., 2006; Narvekar et al., 2007). However, the magnitude
of U in Figures 5.5a and 5.5b, for the anisotropic areas of WL and
SA3, are of the order of 4 K. The snow and ice microphysical charac-
teristics are different from those of sea and land surfaces (Ulaby et al.,
1986). The microwave emissivities of the snow and ice targets are high
(∼0.9) while the ocean exhibits a low value. Moreover, snow consists
of a large number of grains acting as scatterers. Under thermal equi-
librium the emissivity is related to volume scattering (Tsang et al.,
1985). Since U is primarily a function of scattering, this could be one
possible reason for the higher magnitude of the U component (and
also V signal, discussed later) as compared to open ocean and land.
Differences were observed between the 10.7 and 37 GHz signatures of
Dome C (top left plots of Figure 5.5a and 5.5b).
The 10.7 GHz fore swath descending observations have a higher
spread around the second harmonic curve than those at 37 GHz. The
high scatter in the 10.7 U of Dome C is likely to be caused by volume
scattering, which is little at 37 GHz due to the lower penetration
depth. Due to the low average wind speeds (4 m/sec) and the low
deposition rate (∼3 cm p.a.) the snow surface is flat at Dome C as
compared to LVT, which has snow drifts generated by surface winds,
however, these are much smaller in magnitude as compared to the
sastrugi observed at WL and SA3. This explains why the 37 GHz
U observations of Dome C show minimal modulation with azimuth
angle when compared to the other regions. In Sections 5.4 and 5.5,
the seasonal and spatial variability of the second harmonic coefficients
of the U component will be investigated.
5.3.2 V Component
Figures 5.6a and 5.6b show the 10.7 and 37 GHz V components plotted
as a function of azimuth angle. All plots show a clear anisotropic sig-
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Figure 5.6: The azimuthal distribution of the (a) 10.7 GHz and (b) 37 GHz
V observations of February 2004, top left for Dome C, top right for Lake
Vostok, bottom left Wilkes Land and bottom right for Study area 3. The
curves fitted are the second harmonic sine function of azimuth angle.
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nal, with variations larger than those observed for the U component.
For the nearly isotropic regions, Dome C and LVT, the magnitude at
both frequencies is about 2 K. For WL and SA3, which have a pro-
nounced terrain slope and sastrugi, the magnitude reaches 4 K. This
is much higher than the V signal over open ocean where it is only
around to 0.5 K (Yueh et al., 2006). The V signal can be explained
by second or higher order scattering that produces coherent signals
with phase shifts on the order of the wavelength (Yueh, 1997). While
the first order scattering produces incoherent waves, the higher orders
produce coherently scattered waves. For the sea surface the higher
order scattering is generated by small ripples as well as from the ad-
jacent large gravity waves. A non-zero V signal can be modeled with
wave scattering and small slope approximation methods (Yueh, 1997).
In the case of snow, absorption and scattering primarily depend
upon parameters such as snow grain size and density, which usually
vary with depth (Tsang et al., 1985; Ulaby et al., 1986). The vertical
profile of these parameters is typically modeled as horizontally strati-
fied layers (Surdyk, 2002). The difference between the layers with dif-
ferent snow morphological properties is called the correlation length.
The higher order scattering from the different layers and from the
snow surface structures, such as sastrugi and snow dunes, causes the
coherent signal (Narvekar et al., 2007b). The azimuthal dependence of
the V signal indicates a directional preference of the higher order scat-
tering processes. In regions of strong terrain slope and sastrugies, such
as WL, the azimuthal preference of the V signal is clearly pronounced.
The azimuthal dependence of the V signal of Dome C shows a large
scatter around the harmonic fit (Figure 5.6a). Our explanation of this
is that within each single WindSat footprint the azimuthal structures
are coherent enough to generate a non zero V signal, whereas from
one footprint to another in the Dome C region the prevailing orien-
tation of the scattering structure may vary. In contrast, within each
of the other three regions the azimuthal orientation of the scattering
structure is nearly constant, producing a well defined variation with
azimuth. At 10.7 GHz V observations over WL, the second harmonic
function do not fit, this may be due to the additional effects of volume
scattering involved at this frequency.
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5.4 Modelling azimuthal anisotropic signal
Models and aircraft observations of the sea surface have shown a sec-
ond harmonic sinusoidal dependency of the U and V components on
the azimuth look angle (Yueh, 1997). These observations have also
shown a good agreement with the scatterometer results obtained over
sea surfaces, since U and V measured by radiometers and the backscat-
ter coefficient measured by scatterometers both depend primarily on
the geometric structural properties of the sea surface. There have also
been some scatterometer studies over the Antarctic ice sheet using
the NASA SCATterometer (NSCAT) and ERS SCATterometer (ES-
CAT) (Long and Drinkwater, 2000; Bingham and Drinkwater, 2000).
Furukawa and Young (1997) have also compared the amplitude of ES-
CAT backscattering coefficient with ground observations of different
scaled snow and ice features obatined from the field experiments. The
study described in (Long and Drinkwater, 2000) utilized a second or-
der harmonic cosine functions to estimate the orientation of the snow
surface features, such as sastrugi and the topographic slope. In the
present study a second harmonic sine function of the relative azimuth
angle together with an additional constant term is used to empirically
fit:
U = U1sin(ϕrel + ϕph) + U2sin2(ϕrel + ϕph) + U3
V = V1sin(ϕrel + ϕph) + V2sin2(ϕrel + ϕph) + V3. (5.1)
The relative azimuth angle ϕrel is the difference between the di-
rection of the orientation of the snow features and the radiometer
azimuth angle: ϕrel = ϕstruc − ϕrad. In sea surface studies ϕstruc is
the wind direction (Yueh, 1997). An additional constant phase angle
ϕph of 90◦ is added to the azimuthal term in order to facilitate the
comparison between the WindSat and scatterometer results. U1 and
V1 are the magnitudes of the first harmonic coefficients that describe
the up-wind/down-wind asymmetry, while U2 and V2 describe the up-
wind/crosswind asymmetry. The constant terms U3 and V3 define the
offset in the fit from the 0 K average.
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The second harmonic fits for the WindSat data are shown as solid
lines in Figures 5.5a, 5.5b, 5.6a and 5.6b. The coefficients U1, U2, U3,
V1, V2, V3 in K, and ϕstruc (in ◦) have been estimated from the data
points. Due to the periodic nature of sastrugi, similar to that of waves
observed over a sea surface, the second harmonic sine function fits the
data well. The quantities ’err’ and ’err/U2’ describe the quality of
the fit. ’err’ is the root mean square error of the fit in K. Values near
or higher than one for err/U2 indicate that the standard deviation is
higher than the estimated second harmonic coefficient. The estimated
quantities are shown in Table 5.2.
We compared the estimated orientation angles with the previous
scatterometer results (Long and Drinkwater, 2000) for selected study
areas. To account for the seasonal influence on the retrievals, the two
months of July 2003 and February 2004 with contrasting climate con-
ditions were selected. Over WL the direction of the derived streamline
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is related to the orientation of sastrugi (Long and Drinkwater, 2000).
The direction of orientation estimated over WL using the second har-
monic fitting of azimuth for the 10.7 GHz U observations is 95◦ and
100◦, for July 2003 and February 2004 respectively, with respect to
North. Both results agree well with the scatterometer derived direc-
tion of the stream line of ∼ 100◦ (Long and Drinkwater, 2000). Similar
comparisons were made for the other areas (Table 5.2). Good agree-
ment was found for all the cases except for winter (July 2003) at Queen
Mary Land (QML). As the rms error of this fit is three times the value
of U2, this direction estimation is of little significance, indicating a
low prevailing directionality of the observed surface structures. Since
volume scattering plays a critical role in the signal observed at 10.7
GHz, during winter the presence of a thick layer of snow could form a
medium with varying orientations. Also, changes over time could ex-
plain the discrepancy between the NSCAT and WindSat observations
because they are from different years. In a recent theoretical study
(Xu et al., 2007), a electromagnetic modeling approach was presented
that considered snow and ice surface anisotropy along with the con-
tribution from the subsurface layers, in explaining the polarimetric
emission over snow. In most of the cases, the estimated orientation
of 37 GHz U were different for July 2003 and February 2004, which
were different from the 10.7 GHz U and NSCAT estimations. The 37
GHz U observations are from the topmost layers and, therefore, the
estimated orientation represents the snow surface structures, such as
snow drift caused due to the surface winds. In order to obtain a better
perspective of the estimated orientation and to facilitate its compar-
ison with the scatterometer results, the fit will be extended over the
entire Antarctica in Section 5.6.
5.5 Seasonal variability
Snow fall changes the surface and volume snow properties such as
density and correlation length (Bingham and Drinkwater, 2000). The
snowfall occurs mostly in winter and sometimes in spring. This mod-
ulates the Antarctic snow morphological properties with the seasons.
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To investigate in detail the seasonal variability of the U and V obser-
vations, the study area of Wilkes Land was selected because this is one
of the locations for which the time series of the ESCAT backscattering
coefficients was investigated by Bingham and Drinkwater (2000).
Figure 5.7: Selection of the azimuth angle range in fore ascending (320◦ ±
10◦) and fore descending (225◦ ± 10◦) with low variability with azimuth
angle for preparing a time series of Wilkes Land, top panel corresponds
to the 10.7 and 37 GHz U observations of February 2004 and lower panel
corresponds to observations of July 2003.
The time series was generated using daily observations averaged
over two small azimuth angle ranges indicated in Figure 5.7. The up-
per panel shows the azimuthal distribution of the 10.7 and 37 GHz
U components for February 2004 and lower panel shows the same for
July 2003. The brightness temperatures at angles near 225◦ (fore de-
scending), 320◦ (fore ascending) and 45◦ (aft descending) show the
lower variations with azimuth angle. Therefore, the azimuthal ranges
225◦ to 240◦ for ascending and 320◦ to 335◦ for descending overpasses
were selected for averaging.
These correspond to nearly perpendicular azimuth directions. There-
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Figure 5.8: Time series of 10.7 GHz (a) and 37 GHz (b) U components over
Wilkes Land, February 2003 to November 2005.
fore, the larger difference between ascending and descending U values
corresponds to higher anisotropic signals. If the difference is smaller
or zero, then the target shows a lower anisotropy.
Figure 5.8 compares the time series of 10.7 GHz and 37 GHz U . The
WindSat data were averaged for each day over the above indicated az-
imuth ranges at Wilkes Land. The time series of Tv (Figure 5.3) helps
in recognizing the seasonal cycle. In Figure 5.8a, the 10.7 GHz U ob-
servations show high anisotropy between January and April (summer)
and minimum anisotropy between July and September (winter). This
behavior might be explained by the fact that the snow deposition
rate in Wilkes Land is higher during winter (Goodwin, 1990). The
newly deposited snow has a different density and grain size from the
previous snow cover, which change with seasons (Turner et al., 1999;
Goodwin, 1990; Massom et al., 2004). During summer, most of the
snow will have migrated from this area to low altitude coastal areas
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Figure 5.9: Time series of 10.7 GHz V component over Wilkes Land, Febru-
ary 2003 to November 2005, plotted previously made time series of ESCAT
measured backscattering coefficient (adopted from (Bingham and Drinkwa-
ter, 2000))
due to katabatic winds (Goodwin, 1990). This significantly decreases
the volume scattering at 10.7 GHz (Figure 5.8a). This could be an
explanation for the sharp increase in the azimuthal anisotropy as the
summer approaches because the anisotropic signal is expected to be
more pronounced near the surface (from where the signal in summer
stems) than in the depth. The 37 GHz U response pattern shown in
Figure 5.8b is similar in shape to the 10 GHz U signal but the dy-
namic range of both ascending and descending data is doubled from
about 2 K to 4 K. Moreover, the curves for 37 GHz (Figure 5.8b) are
shifted by a constant offset, compared to 10.7 GHz (Figure 5.8a).
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The months of February and September correspond to the max-
imum and minimum directional signals, respectively for 10.7 GHz.
However, for 37 GHz both months correspond to maximums, but with
opposite Tb sign. Moreover, the 37 GHz U signal shows a much more
pronounced variation from day to day, on the order of 1 K, in con-
trast to the smoother 10.7 GHz U signal, with variations of typically
0.5 K. The higher daily and seasonal variations of the 37 GHz signal
compared to the 10.7 GHz U signal can be explained by the lower pen-
etration depth at 37 GHz which would be impacted more by seasonal
temperature and wind.
In addition, wind speed is higher during the winter (Van Den Broeke
et al., 1997), which leads to an orientation of the snow features such as
sastrugi in the prevailing direction. Figure 5.9 shows the time series of
the 10.7 GHz V components for the study area of Wilkes Land for the
same azimuth angle ranges as discussed previously. A seasonal trend
is apparent for both azimuth ranges. In contrast to the U component
(Figure 5.8a, b), the absolute maxima in the V component (Figure
5.9a) occur in winter and the absolute minima in summer. The annual
cycle observed agrees well with that observed in the ESCAT data
(Figure 5.9b) (Bingham and Drinkwater, 2000). The backscattering
coefficient increases during winter due to volume scattering (Bingham
and Drinkwater, 2000). As discussed in section 5.3.2, the V signal is
assumed to be caused by higher order scattering. This would explain
the higher magnitude V signal observed during winter.
5.6 Extending harmonic fit over entire
continent
In order to prepare maps of estimated coefficients and to study their
seasonal variability, the data for the first 15 days of July 2003 (Austral
winter) and the month of February 2004 (summer) were analyzed. The
data from the WindSat passes over 15 days were first sampled into
grid cells of 0.25◦ x 0.25◦. The second harmonic fit (Equation 5.1) was
applied to each grid cell and the maps of the estimated parameters, i.e.
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ϕstruc, U1,U2,V1 and V2 are presented and discussed in the following
subsections.
5.6.1 Orientation of the snow features
Figure 5.10 show the maps of the estimated ϕstruc using the WindSat
10.7 GHz and 37 GHz U observations for July 2003 (Austral winter)
and February 2004 (Austral summer). The middle panel shows the ori-
entation angle estimated previously using scatterometer observations
from ESCAT and NSCAT (Long and Drinkwater, 2000) based on the
data from September 1996. The scale of the WindSat derived maps
is reverse compared to the scatterometer results because the phase
angle ϕph of 90◦ is added in the model of Equation (5.1). We found
that results obtained by adding this phase angle facilitate the compar-
ison between WindSat and NSCAT results. The results obtained from
the NSCAT observations at 14 GHz agree well with WindSat results
at 10.7 GHz, especially over Queen Maud Land, Kemp Land, Terre
Adelie and Wilkes Land. Minimal differences were observed between
the orientation derived for winter (July 2003) and summer (February
2004 at 10.7 GHz. As noted earlier, the 10.7 GHz data are respond-
ing to deeper/subsurface layers. Their orientation changes very little
with the seasons and snow drift, and dunes at the surface have limited
impact on the estimated orientation (Figure 5.10a). The orientation
estimated from the ESCAT observations of September 1996 (5.3 GHz)
corresponds to even lower depths than 10.7 or 14 GHz, and therefore,
ϕstruc would be expected to vary even less as observed in Figure 5.10b.
The maps of obtained from the 37 GHz observations (Figure 5.10c)
exhibit variations at smaller horizontal scales than the 10.7 GHz maps
of Figure 5.10a, and the map of winter data (Figure 5.10c left) varies
at smaller scales than that of summer (Figure 5.10c right). The ori-
entation angle estimated using 37 GHz is influenced by the surface
features, which in turn are driven by the wind speed and snow depo-
sition. Our interpretation of these results is that the reduced feature
scale in summer (Figure 5.10c right) reflects the high temperatures,
86 5 Polarimetric Emission Over Antarctic Ice Sheet
Figure 5.10: Estimated ϕstruc using WindSat 10.7 GHz and 37 GHz U ob-
servation of July 2003 and February 2004 (a) and (c) respectively, compared
with the previous results from ESCAT and NSCAT (b) (adopted from (Long
and Drinkwater, 2000)).
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low snow cover and generally lower wind speeds in summer as com-
pared to winter conditions (Figure 5.10c left).
Figure 5.11: Antarctic maps of estimated U1 and U2 coefficients using 10.7
GHz U observation for July 2003 (top) and February 2004 (bottom).
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5.6.2 First and second harmonic coefficient
Figure 5.11 shows Antarctica maps of the parameters U1 and U2 at
10.7 GHz for winter (July 2003) and summer (February 2004). Both
U1 and U2 show correlation with the surface topographic slope (Figure
5.1b). In the U1 maps (top and bottom left), the ridge of the moun-
tain ranges is apparent with values close to 0 K. For east Antarctica,
the ridge acts as a separator of positive and negative U1 value. More-
over, an interesting difference was observed between the U1 maps of
July 2003 and February 2004. The coastal areas extending from Queen
Maud Land toWilkes Land, show negative U1 value in winter (Jul. 03),
which then approaches 0K (white) during summer (Feb. 04). Several
studies such as (Massom et al., 2004) have reported that the coastal
areas receive a high amount of snow fall, annually (∼ 500 kg/m2).
This can have a significant volume scattering effect at 10.7 GHz. Dur-
ing summer the increase in moisture content reduces the penetration
depth, which would result in volume scattering and a U1 signal at 10.7
GHz.
Over the regions of Queen Maud Land and Wilkes Land, the pos-
itive magnitude of U1 and U2 increases in summer. In the interior
continent where no summer melt occurs, the second order coefficient
U2 is generally higher in magnitude than the first order coefficient U1
(Figure 5.11). The parameters V1 and V2 estimated at 10.7 GHz are
shown in Figure 5.12. The topographic features of near zero values
near the mountain ridges as found in the U1 and U2 maps at 10.7
GHz in Figure 5.11 are also visible in the V1 and V2 (Figure 5.12).
Similar to the U components of Figure 5.11, also in the V compo-
nents of Figure 5.12, the V2 coefficients are generally higher than the
V1 component. However, in contrast to the U1 and U2 values of Figure
5.11, the magnitude of V1 and V2 is higher during winter than dur-
ing summer (Figure 5.12). We attribute this to volume scattering and
higher order scattering. During winter the snow cover is usually dry
and, therefore, at 10.7 GHz the subsurface snow layers contribute to
scattering. However, during summer the significance of volume scat-
tering decreases. This explains the difference between the magnitudes
that occur during the two seasons. Moreover, for the regions of Wilkes
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Figure 5.12: Antarctic maps of estimated V1 and V2 coefficients using 10.7
GHz V observation for July 2003 (top) and February 2004 (bottom).
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Land (> 74◦ S and 120◦ E) and Terre Adelie (> 75◦ S and 160◦ E)
there is very little differencee. This was also observed for the 10.7 GHz
U1 and U2 components in Figure 5.11. The signals over west Antarc-
tica were not considered in this analysis due to the complex surface
conditions resulting from the mixture of surface topography, sastrugi
and erosional features. In the interior Antarctic regions Wilkes Land
and Terre Adelie, the seasonal variability is lower. Dome C is one of
the areas in this region that has less seasonal variability in both its
climatic conditions and the higher Stokes components. This shows the
sensitivity of the U1 at 10.7 GHz for snow deposition. The coefficients
estimated using 37 GHz U and V data have lower magnitude for U1
and V1 than U2 and V2, respectively, for both summer and winter
seasons. This was similar to those of 10.7 GHz presented previously.
However, the magnitude of these coefficients remains highly variable
throughout the year, which can be easily seen from Figure 5.8c.
5.7 Conclusions
Fully polarimetric brightness temperature observations from Wind-
Sat were studied for the Antarctic ice sheet. The Tv and Th bright-
ness temperature ranges were found to be consistent with previous
studies and, therefore, used as references. The WindSat observations
at 10.7 and 37 GHz were utilized for investigating the azimuthal de-
pendency of the U and V components over the Antarctic ice sheet.
The seasonal variation in the magnitude of the U and V was stud-
ied based on earlier scatterometer studies. Results showed that the
U and V signals depended on the snow deposition rate and other
morphological properties. A second order harmonic sine function was
fitted to the U and V observations. The first and second harmonic
coefficients along with structural direction were estimated. The esti-
mated coefficients and orientation angles showed good agreement with
the similar coefficients estimated using scatterometer datasets. From
the analyses, a consistent pattern of behavior emerged for the 10.7
GHz observations: under winter conditions, the high contribution of
multiple volume scattering causes a high (Figure 5.9a) and regionally
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variable (Figure 5.12) 10.7 GHz V signals as well as high backscat-
tering coefficients (Figure 5.10b), while under summer conditions, the
surface scattering prevails, causing high U signals (Figures 5.8b and
5.11). For the 37 GHz channels that do not include contributions fom
deeper layers, the contrast between summer and winter observations
was less pronounced in magnitude, however the sign of the harmonic
fit tended to change between seasons (Figure 5.8c). Scatterometer ob-
servations from a previous investigation were related to the passive
sensors operating at Tv and Th for the information of surface ther-
mal properties. However, the fully polarimetric radiometer WindSat
measures Tv, Th along with U and V and, therefore, this study sug-
gests a potential value in providing scattering emission and thermal
information from the single sensor package.

6 Passive Polarimetry for Arctic
Sea Ice
Here the WindSat data over Arctic sea ice is investigated for the geo-
physical information content in the polarimetric brightness tempera-
tures. U and V are primary function of the magnitude of roughness,
and the angle between the direction of the roughness (i.e. direction
of waves) and the radiometer look angle. Moreover, the studies per-
formed over land and over the Antarctic ice sheet have shown the
dependency of U and V on the orientation of the surface features
(Narvekar et al., 2007; Narvekar et al., 2006). Over land these fea-
tures include agricultural field rows and sand dunes in the desert.
Over the Antarctic ice sheet, these features include snow dunes, so
called sastrugi, caused by katabatic winds and structures caused by
erosion. However, the polarimetric data over sea ice have attracted
little attention until now.
6.1 Spatial variability of U and V
The analysis of the U and V components is carried out for the period of
two years, 2003-2004. In order to account for the azimuth dependency
of U and V , the range of the radiometer azimuth angle is divided
into four quadrants of 90◦ interval from 0◦ to 360◦. We found that the
selected scan angle, , range of -25◦ to +25◦ results in no data in the 90◦
to 180◦ azimuth angle quadrant. Therefore, only the three quadrants
from 0◦ to 90◦, 180◦ to 270◦ and 270◦ to 360◦ are considered.
The spatial and temporal changes are studied by preparing time se-
ries of maps of seven day average for each azimuth quadrant over the
entire year 2003. The averages were made in a 0.25◦ grid. In Narvekar
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Figure 6.1: Map of ASI Sea ice concentration derived from AMSR-E for
15th Feb 2003.
et al.(2008), the maps of the U and V at 10.7 and 37 GHz from Feb.
2003 to Jan. 2004 are shown. The signals observed are studied using
the reference sea ice concentration maps derived from AMSR-E data.
During most of the year, the 10.7 and 37 GHz U and V signals over sea
ice is below 1 K (Narvekar et al., 2008), which is small as compared
to those observed over ocean surface ( 2 K) (Yueh et al., 2006), land
surface (∼2 K) (Narvekar et al., 2007) and the Antarctic ice sheet
(∼7 K) (Narvekar et al., 2006; Narvekar et al., submitted) and the
Greenland ice sheet (15 K) (Liu and Weng, 2005). The information
about the sea ice edge is extracted from the previously available ra-
diometers operating at dual polarization, such as AMSR-E. During
February 2003, there is high sea ice coverage in the Arctic. Figure 6.1
shows as an example the sea ice concentration on the 15th February
2003. The signal observed at 10.7 GHz V , and 37 GHz U and V dur-
ing this period is nearly zero (Narvekar et al., 2008). The 10.7 GHz
U observations are similar, except in the area above North of Franz
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Figure 6.2: The 10.7 GHz U component averaged over 7 day for Feb. 2003.
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Figure 6.3: The 37 GHz U component averaged over 7 day from end of June
to end of July 2003.
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Figure 6.4: Map of ASI sea ice concentrations derived from AMSR-E for
27th June 2003.
Josef Land, where a comparatively high negative signal is apparent in
the azimuth quadrant of 270◦ - 360◦, Figure 6.2. However, this signal
is still around 1 K.
Moreover, the standard deviation for the WindSat measurements is
0.25 K (Liu and Weng, 2005) and therefore, any signal close to this
value are not considered for interpretation here. A similar analysis of
the other months was also carried out. During the summer months,
parts of the Arctic sea ice show higher U and V signals. As an ex-
ample, the 37GHz U component shows a high signal over the large
area extending from the Beaufort Sea to the New Siberian Islands.
The data of June 22nd to 27th show this effect, see the maps of the
first row in Figure 6.3. However, signals in the other channels of the
same period are low (Narvekar et al., 2008). The melting in the Arctic
usually occurs during end of June and early July. Figure 6.4 shows the
sea ice concentration on 27th June 2003. It shows that in most of the
area the ice concentration is above 90%. The 37 GHz U signal reduces
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Figure 6.5: The 10.7 GHz V component averaged over 7 day from end of
September to end of October 2003.
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Figure 6.6: Map of ASI sea ice concentrations derived from AMSR-E for
28th Sep 2003.
considerably during the next 7 days (Figure 6.3). Another region of
high U signal occurs in the map of 25th July, at 85◦ latitude north of
Greenland (last row of Figure 6.3). This signal is also reduced in the
next seven day averaged maps (Narvekar et al., 2008).
Only the 37 GHz U has shown a high signal over the closed ice pack
during short periods in the summer months, while the other compo-
nents remain below 1 K. Another feature of higher Stokes components
emerges from the 10.7 GHz V signal from the entire analysis. Over
the ice edge there is a clear 10.7 GHz V signal of typically 6 K (Fig-
ure 6.5), as we see from the comparison with the ice concentration
maps of AMSR-E (Figure 6.6). This effect is not pronounced at 10.7
GHz U and also not at 37 GHz U and V . A global 10.7 GHz V data
analysis has shown a high signal also over coastlines. For sea surface
applications, a filter is applied over the coastlines so that this data is
not used for the wind vector retrieval (Gaiser et al., 2004).
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Figure 6.7: The 37 GHz U maps of 180◦ to 270◦ and 270◦ to 360◦ azimuth
quadrants compared with ECMWF near surface air temperature map, June
03 to June 16, 2003.
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Figure 6.8: The 37 GHz U maps of 180◦ to 270◦ and 270◦ to 360◦ azimuth
quadrants compared with ECMWF near surface air temperature map, June
20 to July 06, 2003.
102 6 Passive Polarimetry for Arctic Sea Ice
6.2 Comparison with the ECMWF
temperature data
During the analysis of the complete year of 2003 in last section, a
higher signal at 37 GHz U was mainly observed during the early sum-
mer period (last week of June 2003). This indicates a possible relation
between the polarimetric signal and the sea ice surface temperature.
In order to gain more insight into the involved processes, we compare
maps of EFMWF near-surface air temperatures with the 37 GHz U
signal on a daily basis. As the first quadrant (0◦ to 90◦) of the weekly
averaged maps has a large gap around the pole in the data coverage
(Figure 6.3), but the azimuth quadrants from 180◦ to 270◦ and from
270◦ to 360◦ are nearly completely covered by observations, we con-
sider only the brightness temperature maps of the second and third
quadrants. Figure 6.7 shows the daily averaged maps of 37 GHz U
compared with ECMWF surface temperature map of 3rd June 2003
in the first row. In the subsequent rows similar plots are shown for
5th June, 11th and 16th June. On 3rd June, the temperature is below
freezing and the U signal is between ±1 K. The first melting occurred
during 11th to 16th June 2003, when the temperature rises above zero
in most of the Arctic. However, only few areas within few hundred
kilometres of the ice edge show a higher signal.
The largest closed area of high signal appears on the 20th of June
(Figure 6.8, first row). The area of high signal decreases after 1st July,
2003 (Figure 6.8). The maximum is observed on the 24th June 2003
(second row of Figure 6.8). Later the signal reduces to below 1 K over
most of the Arctic as shown in the third and fourth row of the Figure
6.8. Moreover, while the temperature rises above freezing in the whole
Arctic, the high 37 GHz U signal has occurred at least once for every
area covered by sea ice. In order to better understand the relation
between the higher U and V signals and the temperature we selected
three areas (100 x 100 km) across the Arctic, where the maximum
signal has occurred in Figure 6.8, for preparing time series. Figure 6.9
shows the locations of these areas with center coordinates as Arc 1
(74.5 N, 158.7 W), Arc 2 (75.3 N, 174.0 W) and Arc 3 (77.0 N, 124.0
E). The first two Stokes components Tv and Th has been extensively
6.2 Comparison with the ECMWF temperature data 103
Figure 6.9: Map of the study area locations.
investigated with instruments such as AMSR-E and SSM/I for sea ice
and are used to estimate the sea ice concentration as indicated in the
earlier section. Figure 6.10 shows the time series of WindSat measured
Tv and Th over the study area Arc1.
The colors indicate the frequencies. The Gap in the time series
is due to the unavailability of the data during October 2004. The
decrease in the brightness temperature from June to August indicates
the melting of the sea ice. The emissivity of the sea ice is around 0.9
and that of open water varies with frequency from 0.4 at 6.8 GHz
to 0.7 at 37 GHz. As a consequence, the range of the seasonal cycle
decreases with frequency from ∼150 K at 6.8 GHz to ∼80 K at 37
GHz.
The scale and variability of the Tv and Th agrees well with the per-
vious studies made at similar frequencies (Spreen et al., 2007; Carsey,
1992). The melting of the sea ice can be verified from the ECMWF
temperature time series of the first plot of Figure 6.11, which shows
an increase in the surface temperature above melting during June.
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Figure 6.10: 6, 10, 23 and 37 GHz Tv (a) and Th (b) time series from
February 2003 to December 2004, for the location Arc1.
Similar was analysed for other study areas (Narvekar et al., 2008).
Figure 6.11 compares the time series of daily minimum and maximum
ECMWF surface air temperature (Figure 6.11a), SSM/I derived ice
concentration (Figure 6.11b) and the 37 and 10.7 GHz U for the loca-
tion Arc 1 for February 2003 to January 2005. The ECMWF tempera-
ture time series depicts the annual thermal cycle. Continuous melting
sets on during June, with some isolated daytime melting events al-
ready in May. The first local maximum around 0.8 K in the 37 GHz
U signal (Figure 6.11c) seems to mark the onset of melt. The abso-
lute maximum of the season of over 2 K is reached end of June when
the temperatures are continuously above freezing since more than one
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Figure 6.11: Time series of daily averaged 10.7 and 37 GHz U shown in (c)
and (d) compared with time series of daily maximum (black) and minimum
(red) ECMWF air surface temperatures in part (a) and sea ice concentration
derived from SSM/I (b), from February 2003 to November 2004 for the
study area location Arc 1. In (c) and (d) red means ascending and black
descending orbits.
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Figure 6.12: Time series of daily averaged 10.7 and 37 GHz V shown in (b)
and (c) compared with time series of ice concentration derived from SSM/I
(a), from February 2003 to November 2004 for the study area location Arc
1. In (b) and (c) redline means ascending and black descending orbits.
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week, and when the ice concentration has reached about 80% during
its summer decrease. Here we only consider the absolute values of the
U signal. The sign is related to the azimuth direction of the anisotropic
process generating the U signal. The azimuth dependency is not con-
sidered here. Obviously the higher U signal over sea ice relates to the
processes that occur after melting of the surface sea ice starts. During
the entire summer period the U signal is much more variable than
during winter (Figure 6.11) with the highest signals occurring during
June and during October to November. A sudden and isolated tem-
perature rise in January 2004 from -30◦ C to nearly 0◦ C gives the
clearest evidence of the relation between the temperature and the 37
GHz U signal, which increases from -0.3 K to -1.7 K. Although the
peak in the ECMWF model near surface temperatures already reaches
only about -2◦ C, it appears plausible to us that the peak at the same
time in the 37 GHz U component is related to surface melting because
in this data spares region easily model error can occur, and because
it would be difficult to think of processes which occurs below melting
temperatures generating processes at such large scales. The peak also
allows estimating the relaxation time of the process: the 37 GHz U
signal takes nearly one month to reduce to its original value. Presum-
ably, this short event does not reach as deep as the penetration depth
of 10.7 GHz because in the 10.7 GHz U channel the sudden tempera-
ture increase is not reflected. The U signal is more pronounced in the
37 GHz time series (Figure 6.11c) than at 10.7 GHz (Figure 6.11d).
At 37 GHz it exceeds 2 K during the last week of June, when for 10.7
GHz it was below 1 K. As the 37 GHz radiation has a lower penetra-
tion depth than 10.7 GHz, the higher U signal must be produced by
processes in the upper layers of the sea ice after melt onset. Figure
6.12 shows the comparison of the sea ice concentration with 10 and
37 GHz V . In the last section it was shown that the ice edge pro-
duces higher signal mainly in 10.7 GHz V . During the melting season,
the ice concentration in Arc 1 reduces to nearly zero. The ice edge
moves across the study area. In August and October the high 10.7
GHz V signal is clearly related to the ice edge. In contrast to 37 GHz
U , the 37 GHz V signal is much lower (not exceeding 0.5 K, Figure
6.12c). Therefore, we presume that the processes generating the 10.7
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V ice edge signal occurs not near the surface, but at the penetration
depth of the 10.7 GHz signal. The relation of these processes to those
generating the 10 V signal at the worldwide coastlines is unclear. The
similar is observed for the other two areas, Arc 2 and Arc 3, see figures
in (Narvekar et al., 2008).
6.3 Discussion and Conclusion
Analyses of the WindSat polarimetric U and V signals are carried out
over the Arctic sea ice. In order to find out the period and location of
higher polarimetric signals, maps of the year 2003 polarimetric U and
V components are analysed and compared with the sea ice concen-
tration maps derived from AMSR-E data. During most of the year,
the 10.7 and 37 GHz U and V signals over sea ice is below 1 K. The
exceptions are related to the melting period in summer and to the ice
edge. All the higher signals in the U and V Stokes components occur
during the melting period. This is in line with previous studies, e.g. by
Markus and Dokken (2002), which reported a high variability of the
sea ice emissivity also in the Tv and Th Stokes components, reflect-
ing the fact that the summer sea ice surface conditions are extremely
variable in time as well as in space. In order to prove the dependency
of the polarimetric signal on temperature, time series of ECMWF sur-
face temperatures of the three regions of investigation were prepared.
During the entire summer the U and V signal is more variable than
during winter. The highest signal of up to 2 K occurs in the 37 GHz U
channel. It can be very clearly related to the melting processes. The
next highest signals are observed in the 10.7 GHz U and V channels.
They reach up to about 1.7 K. One of the sources of the 10.7 GHz V
signal is the ice edge. In contrast, the 10.7 GHz U signal seems to be
related to melting processes of longer duration so that they reach the
penetration depth of 10 GHz. The U signal at both 37 and 10.7 GHz
suggests some geophysical anisotropic process during the melting sea-
son. They are present in both the top and the lower layers of Arctic
sea ice. The reduced signal level at 10.7 GHz could be explained by at-
tenuation of the signal by the uppermost sea ice layers. Although the
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details are still unknown, the nonzero V signal seem to be related to
the ice edge. The signal generating process could be similar to the one
generating the V signals along the worldwide coastlines. A nonzero U
signal requires quantities distributed anisotropically in azimuth within
the footprint of the sensor. Currently we only can speculate on them.
Plausible candidates could be unevenly distributed ice concentrations
(e.g. the left half footprint completely ice covered, the right half open
water), or microphysical properties influenced by vector quantities like
wind or ice drift. However, in order to relate the higher polarimetric
signature to the geophysical quantities of sea ice, more microphysical
data of sea ice is required. It could be obtained from field campaigns
on sea ice during early summer to shed more light on this topic.

7 Conclusions and Outlook
Fully polarimetric passive spaceborne measurements provided byWind-
Sat are investigated over land and snow and ice covered surfaces. The
polarimetric studies carried out over the sea surface are extended over
the land and snow ice areas in order to understand the third and fourth
Stokes components, called U and V .
For the investigation of the U and V signals observed over land,
large areas with know surface geophysical properties were selected,
including the dense vegetation of the Amazon rainforest in Brazil,
rangeland in Mongolia, the Taklamakan desert and the Heilonjiang
agricultural area in China. The first two Stokes components Tv and Th,
were used as the reference channels. The Amazon rainforest area is an
azimuthally isotropic target and, therefore, the U and V components
should be close to 0 K. This area has also facilitated testing the bias
associated with the fore and aft scan angles. Based on the analysis of
all channels carried out over the entire scan angle range, the limited
range of −25◦ to +25◦ in forward swath and from 140◦ to 155◦ in
aft swath is selected. In addition, it was observed that the 18.7 GHz
channel contains significant bias associated over the entire scan angle
range. The observations at 18.7 GHz were therefore not considered.
Over the structured land covers such as desert and systematically
oriented vegetated field, the U and V Stokes components are found
to be a function of the orientation of the sand dunes and field rows,
respectively. The magnitudes of these components were found to vary
with the season for the agricultural area with changing vegetation. The
signal becomes smaller after the harvesting period and disappears in
winter for the bare soils. For the structured bare soils of periodic sand
surfaces, the signal is related to the direction of the orientation of the
sand dunes. For the bare soil with high topographic relief (area of
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Mongolia) the U and V was near to 0 K except for the snow covered
period during winter.
For the investigation of the U and V component over land ice, the
Antarctic ice sheet was considered. The U and V signals depend on
the snow deposition rate and other morphological properties. A sec-
ond order harmonic sine function was fitted to the U and V observa-
tions. The first and second harmonic coefficients along with structural
direction were estimated. The estimated coefficients and orientation
angles from WindSat data at 10.7 GHz of February 2003 showed good
agreement with the similar coefficients estimated using scatterometer
dataset at 11 GHz of September 1996. The study shows for low fre-
quencies (10.7 GHz observations) under winter conditions, that the
high contribution of multiple volume scattering causes a high and re-
gionally variable 10.7 GHz V signals as well as high backscattering
coefficients, while under summer conditions, the surface scattering
prevails, causing high U signals. For the 37 GHz channels that do
not include contributions from deeper layers, the contrast between
summer and winter observations was less pronounced.
Finally, an analysis is carried out over the Arctic in order to investi-
gate the U and V components over sea ice. The results demonstrated
that the lower frequency (10.7 GHz) shows almost isotropic response
for most parts of the year. The signal observed is small than that ob-
served over sea, land and snow surfaces. The 37 GHz U component
has shown a high signal (∼2 K) for a short period during the first
melting event of Arctic ice. This signal was observed over large areas.
However, the exact reason for the presence of the signal is not yet
known. The ground experiment carried out by the Danish Meteoro-
logical Institute over the Arctic area is expected to shed light on the
geophysical parameters responsible for the presence of the non-zero
signal.
The thesis provides the potential of passive polarimetry for improve-
ment of currently available approaches, utilized in various geophysical
parameters retrievals using datasets from a single instrument. In the
future, the polarimetric signatures over mixed land covers will be con-
sidered. Since the U and V component primarily depends on the sur-
face geometric features, it will be possible to reduce the dependency of
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the retrieval models on the ancillary sources for the parameters such
as roughness and vegetation structure over land. Moreover, the new
satellite mission SMOS will also observe the polarimetric channels at
1.4 GHz. This work will form the basis in the investigations of the
new missions.
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